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Abstract 

This  report  gives  ..fragment  mags  distribution  data  requested 
by  the  Bureau  of  Ordnance  fcr  the  Navy  3"/50  A. A,  projectiles, 
Mk, 27-3  and  Mk.31-1,  Part  II  (CSRD  Report  No.  5606)  gives 
similar  data  for  the  3"/50  A.P.  projectile,  Mk.29~2. 

Part  III  ( OSRD  Report  No, 5608)  contains  a  preliminary 
investigation  of  the  effect  of  booster  size  upon  the 
fragment  mass  distribution. 

The  experimental  procedure  for  fragment  recovery  at  this 
laboratory  is  described.  The  fragments  are  caught  in 
sawdust  and  recovered  by  a  magnetic  separator.  Methods 
of  analyzing  the  data  are  reviewed.  No  attempt  has  been 
made  at  this  time  to  examine  th®  physical  theory  of  shell 
break-up  but  the  results  have  been  described  in  terms  of 
Mott’s  semi-empirical  exponential  distribution  law. 

Physical  tests  made  upon  samples  from  a  single  lot, 

Lot  No,  1350  of  Mk.27-3  3”  A. A.  projectiles  showed  that 

the  shell  were  by  no  means  uniform  in  such  properties  as 


4  o?s 
Oi/so 


hardness  and  tensile  strength.  It  appeared  that  a  simple 
hardness  test  could  be  used  to  eliminate  sub-standard  shell 
without  rendering  them  unfit  for  use.  A  set  of  ten  shell 
selected  for  uniform  hardness  did  indeed  give  satisfactorily 
reproducible  fragment  mass  distribution  data  when  fragmented 
with  cast  TNT  fillings.  At  least  one  additional  shell  from 
the  same  lot  but  showing  subnormal  hardness  gave  a  fragment 
mass  distribution  significantly  coarser  than  the  others. 

Composition  A  was  compared  with  TNT  in  the  Mk.27-3  3M  A. A. 
projectile,  but  the  results  were  rather  sketchy.  Down  to 
1  gram  individual  mass  Composition  A  gave  about  67 %  more 
fragments.  The  effectiveness  of  these  fragments  is 
enhanced  by  the  20 %  higher  initial  velocity. 

Tests  were  made  of  50-50  KNOg/Composit ion  A,  a  special 
spotting  composition  that  gives  a  white  burst.  The  fragment 
mass  distribution  in  the  Ilk. 27-3  projectile  was  identical 
with  that  of  TNT.  Tests  were  made  also  of  an  aluminized 
Composition  A.  The  distribution  pattern  was  intermediate 
between  those  of  TNT  and  straight  Composition  A.  There  is 
some  indication  that  the  results  in  this  case  were  influenced 
by  the  small  size  of  the  projectile  and  possibly  do  not 
represent  fairly  what  aluminized  Composition  A  may  do  in  a 
large  weapon. 

The  Mk.27-3  projectile  was  fragmented  with  TNT-D2  and  with 
Picratol  in  comparison  with  TNT.  All  three  explosives  gave 
practically  indistinguishable  fragment  mass  distribution 
patterns . 

The  Mk.31-1  3”  A. A.  shell  has  been  fragmented  with  TNT  and 

with  Composition  A  using  both  the  Mk.58  and  the  Ilk. 45  VT 
fuzes.  With  the  Mk , 58  fuze,  about  30$  of  the  casing  mass 
comes  from  the  nose  surrounding  the  inert  fuze  components 
in  the  form  of  7-9  huge  fragments  for  TNT  and  9-11  for 
Composition  A.  With  the  Hk. 45  fuze,  which  is  3/4”  longer, 

37$  of  the  casing  mass  is  so  distributed  among  6-7  such 
massive  fragments  for  TNT  and  8-9  for  Composition  A,  The 
numbers  of  fragments  down  to  and  including  about  9  grams 
individual  mass  are  very  slightly  greater  for  Composition  A 
than  for  TNT,  but  down  to  1  gram,  the  number  for 
Composition  A  is  about  60$  greater  than  for  TNT' with  the 
Mk.58  fuze  and  47 $  greater  with  the  Mk.45  fuze,  nat  in¬ 
cluding  the  massive  nose  fragments. 
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Shell  fragmentation  at  Bruceton  has  been  carried  out  in 
a  pit  6'  in  diameter  and  6*  in  depth,  having  a  liner  of 
3/4”  steel.  The  fragments  are  caught  in  sawdust.  A  dia¬ 
gram  of  the  arrangement  is  shown  in  Figure  1.  The  center 
of  the  pit,  where  the  shell  is  hung,  is  kept  clear  by  means 
of  a  hexagonal  box,  15 ”  on  edge,  constructed  of  1/4”  plywood 
or  Celotex.  The  thickness  of  the  sawdust  in  which  the 
side-wall  fragments  are  caught  thus  varies  between  20”  and 
22”.  A  5”  shell  may  expand  to  more  than  eight  diameters 
before  the  side-wall  fragments  strike  the  panels  retaining 
the  sawdust. 

The  panels  of  the  box  are  actually  48”  long,  but  due  to  the 
way  in  which  the  pit  is  loaded,  the  space  kept  open  is  only 
36”  in  height.  At  the  bottom  of  the  pic,  directly  below  the 
location  of  the  shell,  several  layers  of  telephone  books 
are  placed  to  stop  the  faster  end  fragments.  The  bottom 
of  the  pit  is  then  filled  to  a  depth  of  18”  with  sawdust, 
including  6”  within  the  box,  which  is  open  at  the  bottom. 

The  box  containing  the  shell  is  closed  on  top  by  a  plywood 
or  Celotex  panel  set  within  the  side  panels  18”  below  the 
top  of  the  pit.  The  pit  around  the  box  and  above  the  top 
panel  is  then  completely  filled  with  sawdust.  On  top  of 
the  sawdust,  directly  over  the  shell,  several  more  layers 
of  telephone  books  are  placed  and  the  entire  pit  is  then 
covered  over  with  several  layers  of  sandbags.  The  sandbags 
add  weight  but  are  practically  never  reached  by  fragments. 

The  original  fragmentation  pit  was  inside  a  reinforced 
concrete  firing  chamber  used  for  other  studies  as  well. 
Observations  with  typical  Navy  3”  A. A.  shell  showed  that 
the  shots  created  negligible  disturbance  outside  the  pit, 
so  much  of  the  work  was  transferred  to  a  second  outdoor 
pit,  shown  in  Plate  1.  This  facilitated  greatly  the  loading 
and  emptying  of  the  pit  while  at  the  same  time,  the  sand¬ 
bags  had  sufficient  inertia  so  that  further  barricading  of 
the  pit  during  shots  was  unnecessary,  he  intended  ultimately 
to  build  a  light  shelter  over  the  pit  to  keep  out  the 
weather,  but  operations  came  to  a  close  before  this  was 
accomplished.  Meanwhile,  during  dry  weather,  the  outdoor 
pit  has  given  extremely  satisfactory  service. 

After  the  shell  has  been  fired,  the  sa  dust  is  shoveled 
into  bins  and  then  run  through  a  magnetic  separator.  The 
first  separator  available  was  a  Type  M-l  Dings  machine, 
in  which  the  material  to  be  processed  passes  below  a  flat 
disc  rotating  below  the  poles  of  an  electromagnet.  The 
steel  fragments  are  picked  up  on  the  disc  and  released  as 


they  are  carried  out  of  the  magnetic  field.  This  separator 
effectively  recovered  steel  fragments  down  to  at  least 
0.25  gram  individual  weight  (the  lowest  weight  in  which 
we  were  interested)  but  the  operation  was  quite  slow.  We 
have  now  a  Dings  Type  F-X  separator  (see  Plate  2)  in  which 
the  sawdust  is  fed  onto  a  12H  diameter  rotating  hollow 
steel  drum.  A  stationary  magnet  within  the  drum  holds  the 
fragments  until  they  are  carried  around  out  of  the  sawdust 
stream.  This  machine  is  very  efficient,  picking  out 
everything  from  the  largest  steel  shell  fragments  down  to 
extremely  fine  dust.  The  operation  is  rapid  so  that  the 
entire  180  cubic  feet  of  sawdust  used  in  each  shot  can  be 
processed  easily  in  about  four  hours.  The  sawdust  discharged 
from  the  separator  is  passed  into  storage  bins  through  a 
screen  on  which  the  coarser  non-ferrous  fragments  from 
the  fuze  and  the  rotating  band  are  recovered. 

The  larger  fragments  generally  have  sawdust  imbedded  in 
their  crevices.  This  sawdust  is  removed  by  heating  the 
fragments  at  900°F.  for  thirty  minutes.  Such  treatment 
removes  more  than  90$  of  the  weight  of  sawdust  present, 
with  negligible  increase  in  weight  due  to  oxidation  of  the 
steel.  The  sawdust  is  removed  from  the  smaller  fragments 
by  flotation  in  carbon  tetrachloride,  followed  by  boiling 
for  thirty  minutes  in  25$  sodium  hydroxide  solution. 

After  the  fragments  have  been  cleaned,  it  has  been  our 
general  practice  to  weigh  them  individually  down  to  9  grams 
weight.  The  linear  dimensions  of  these  fragments  have 
also  been  taken.  These  detailed  weights  and  dimensions  are 
available  in  our  original  records  but  in  order  to  save 
space,  they  have  not  been  included  in  this  report. 

Fragments  below  9  grams  have  been  sorted  into  weight  groups 
of  from  9  to  4  grams,  4  to  1  gram  and  1  to  0.25  gram, 
counted  and  weighed  collectively  in  their  respective  groups. 
Fragments  weighing  individually  less  than  0,25  gram  have 
been  grouped  together  and  weighed  collectively,  but  no 
attempt  has  been  made  to  count  these  fragments.  This 
procedure  is  satisfactory  for  3,f  A. A.  and  A.P,  projectiles, 
for  which  at  least  95$  of  the  total  casing  weight  consists 
of  fragments  weighing  individually  more  than  1  gram.  For 
thinner-walled  projectiles  giving  appreciably  finer 
fragmentation,  it  would  be  important  t?  use  smaller 
intervals  in  grouping  the  fragments  at  the  fine  end  of 
the  scale  and  perhaps  even  to  extend  the  count  to  fragments 
below  0.25  gram  individual  weight. 


II.  Analysis  of  fragment  mass  distribution  data 

In  this  report,  dealing  with  the  fragmentation  of  Navy  3”  A. A. 
projectiles,  we  have  been  concerned  not  so  much  with  the 
general  physical  theory  of  shell  break-up  as. with  empirical 
ways  to  represent  the  data.  lor  a  fundamental  theoretical 
investigation,  service  projectiles  are  far  from  ideal  in 
shape  and  we  should  begin  such  a  study  by  the  fragmentation  of 
simple  cylindrical  tubes. 

The  fragments  from  service  3!t  A. A.  and  A.P.  shell  down  to 
individual  masses  of  about  1  gram  in  many  cases,  however, 
satisfy  approximately  a  simple  semi-empirical  distribution 
law  proposed  by  N.F.  Mott  (3ritish  Report  A.C.  3348,  3642 
and  a  series  of  subsequent  reports).  The  basic  form  of  this 
1 aw  i s : 

dN  =  A  exp  (~|j  )  d'M  ( L.i  =  m^/^)  (1) 

where  dN_  is  the  number  of  fragments  having  M  (square-root  of 
the  individual  mass)  within  the  range  M  to  M  +  dM  and  where  A 
and  M0  are  constants  characteristic  of  the  given  shell.  Prom 
(1)  we  may  derive  by  integration  corresponding  equations  for 
the  number  Nij  of  fragments  with  masses  within  the  finite  range 
mi  to  mj : 

Kij  =  A  Mo  (e"Mi^10  -  e~Mj/Mo)  (2) 

and  for  the  cumulative  number  Ni  with  masses  equal  to  or 
exceeding  mi: 

NTi  =  A  M0  exp  (-  )  ( 3 ) 

°  l/2 

Equation  (3)  indicates  that  by  plotting  log  Nj.  vs.  Mi  (=  mi  ), 

a  straight  line  w ould  be  obtained  having  '  slope"  -0.451'3/Mo* 
Equation  (2)  suggests  that  in  sorting  the  fragments  into  mass 
groups,  it  will  be  advantageous  to  take  the  cuts  at  limits  in¬ 
creasing  in  proportion  toQ$2,  e.g.,  1  -  4  grams,  4-9  grams, 
9-16  grams,  etc.  These  ghoups  turn  out  to  be  of  convenient 
sizes  for  analyzing  the  data  for  typical  3”  shell,  though  of 
course  for  larger  shell  or  for  thinner-walled  casings,  a 
similar  principle  could  be  preserved  by  using  a  different  unit 
of  mass.  If  the  cuts  are  so  taken  that  always  Mi  =  i,  Mj  =  i+1, 
i  =  1,2,3,  ...  Equation  (2)  reduces  to: 

N-y  =  A  M0  (1  -  e “1/^° )  e"3-/1^  (4) 
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Therefore  the  relation  between  log  Nqj  and  MjJj^i )  under  the  given 
convention  regarding  the  size  of  the  mass  ranges  would  also  be  a 
straight  line  with  slope  -0.434o/Mo» 

Equations  such  as  (1)  and  other  related  types  have  been  discussed 
also  by  R.  \m  •  Gurney  and  J.  M.  Sarmousakis  (Ballistic  Research 
Report  No.  448)  and  by  W.  R.  Tomlinson  (Picatinny  Arsenal 
Report  No.  1404).  A  lav;  such  as  (1)  is  equivalent  to  that  of 
random  break-up  in  two  dimensions.  The  third  dimension  of  the 
fragments,  the  thickness,  is  quite  uniform  over  all  the  larger 
fragments  showing  both  original  inner  and  outer  casing  surfaces. 

It  is  determined  by  the  extent  to  which  the  casing  expands 
before  rupture.  A  large  fraction  of  the  total  mass  consists  of 
fragments  of  this  type.  The  smaller  fragments,  however,  include 
many  produced  by  rupture  in  all  three  dimensions,  the  relative 
number  increasing  as  smaller  and  smaller  individual  fragment 
masses  are  taken  into  consideration.  As  may  be  expected, 
therefore,  one  may  not  properly  extrapolate  Equations  (1)  -  (4) 
to  include  the  smallest  fragments.  The  actual  numbers  of  such 
fragments  are  larger  than  the  ideal  calculated  numbers  based 
on  the  values  of  A  and  M0  that  fit  the  observed  distribution 
of  the  larger  fragments!  In  practice,  for  3n  A, A.  and  A.P. 
shell,  as  has  been  mentioned.  Equation  (1)  apparently  fits  the 
data  quite  well  down  to  fragments  having  individual  masses  of 
about  1  gram.  This  includes  at  least  95$  of  the  total  casing 
mass  for  such  shell.  VJhile  in  some  cases,  fragments  as  small 
as  0.25  gram  may  be  individually  effective,  in  general  for  3" 
shell,  fragments  of  less  than  1  gram  constitute  but  a  small  part 
of  the  total  effectiveness,  particularly  at  a  moderate  distance 
from  the  shell  and  against  all  but  the  lightest  targets.  There¬ 
fore  Equation  (1)  and  its  derived  forms  afford  a  generally 
satisfactory  analytical  description  of  the  fragment  mass  distributioi 
over  the  useful  range  of  individual  fragment  masses,  provided 
that  we  are  not  interested  in  the  smallest  fragments.  For  thin- 
walled  high-capacity  projectiles  of  similar  size,  it  should  be 
pointed  out,  fragments  of  small  absolute  mass  such  as  1  gram  or 
even  less  occur  with  much  greater  relative  frequencies  and 
high  velocities,  and  they  may  constitute  the  bulk  of  the  pro¬ 
jectile’s  effectiveness  as  a  fragmentation  weapon*  Presumably 
an  equation  such  as  (l)  could  be  fitted  to  the  mass  distributions 
of  such  projectiles  (also  to  those  of  projectiles  of  other  sizes) 
but  with  a  difference  in  the  range  of  absolute  individual  fragment 
masses  over  which  it  is  valid,  whether  this  range  would  include 
a  sufficiently  large  fraction  of  the  total  number  of  effective 
fragments  for  the  equation  to  be  useful  remains  to  be  examined 
in  each  case.  The  present  investigation,  however,  is  concerned 
exclusively  with  service  3”  A. A*  shell. 


Mott  has  pointed -out  that  shell  break-up  cannot  be  truly  random 
in  two  dimensions  since  there  is  in  general  an  observed  rough 
correlation  between  the  fragment  length  and  breadth.  However, 
by  assuming  that  fragment  dimensions  are  governed  by  a  primary 
splitting  parallel  to  the  axis  into  strips,  followed  by  break-up 
of  each  strip  into  segments  according  to  the  same  law  but  with 
the  condition  that  the  average  length  is  some  fixed  multiple 
of  the  particular  strip1 s  width,  he  has  derived  a  form  of 
distribution  law  that  when  plotted  graphically  is  practically 
indistinguishable  from  the  simple  empirical  law  represented 
by  Equation  (1)  (see  British  deport  A.C.*  4035).  He  has  also 
attempted  to  derive  a  theoretical  expression  for  Mo  for  a  given 
explosive  filling  in  an  ideal  cylindrical  casing,  in  terms  of 
the  rate  of  casing  expansion  and  the  tensile  properties  of  the 
steel  (British  Reports  A.C.  3642,  4035).  According  to  this 
theory: 

M0  -  k  t1/2  (|)S  (5) 

where  t  is  the  original  casing  thickness  (in.),  d  the  external 
diameter  of  the. casing  (in*),  V  the  initial  fragment  velocity 
(ft/sec)  and  s_  a  constant  exponent  whose  value  is  about  2/3. The  value 
of  k  depends  upon  the  steel  and  for  British  and  American  shell 
steels,  it  has  the  empirical  value  176  (fragment  masses  ex¬ 
pressed  in  grams). 

A  special  complication  arises  in  the  case  of  Navy  3"  A, A.  shell 
because  of  the  relatively  large  space  occupied  by  the  fuze  and 
auxiliary  detonator  and  the  comparatively  short  length  of  the 
charge.*  While  empirical  examination  of  the  fragment  mass  dis¬ 
tribution  is  useful  in  itself  as  a  step  in  the  determination  of 
the  shell's  effectiveness,  for  theoretical  purposes  the  shell 
is  far  from  ideal.  The  booster  is  buried  well  within  the  shell, 
leaving  a  rather  large  fraction  of  the  casing's  length  towards 
the  nose  containing  either  but  a  small  annular  layer  of  explosive 
in  the  case  of  the  MT  fuzes  or  no  explosive  at  all  in  the  case 
of  the  VT  fuzes.  This  condition  results  in  the  creation  of  a 
small  number  of  extremely  large  nose  fragments  having  velocities 
well  below  the  average.  These  fragments  naturally  do  not  fit 
the  distribution  lav/  satisfied  by  the  others.  In  the  case  of 
the  VT  fuzes,  Mk.  58  and  Mk.  45,  where  the  nose  fragments  have 
been  backed  by  no  explosive  at  all,  it  is  quite  easy  to  dis¬ 
tinguish  these  fragments  from  the  others  since  they  break  off 
rather  sharply  at  a  region  corresponding  to  that  at  which  the 
explosive  filling  begins  (see  Plates  18,  19.,  22  and  23). 

Only  when  these  fragments  are  excluded  from  the  total  do  the 
fragment  mass  distributions  satisfy  approximately  Equations  (1)  - 
(4),.*  Wo  are  justified  in  treating  them  separately  since  their 
demonstrated  lower  velocities  (see  OSRD  Reports  Nos,  5266  and 
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5267  by  R.  V/.  Drake  )  correspond  to  a  different  order  of 
effectiveness.  In  the  case  of  the  MT  fuze,  Mk.5l,  where  the 
nose  fragments  have  been  backed  by  a  thin  layer  of  explosive, 
the  distinction  between  relatively  slow  nose  fragments  and  the 
other  side-wall  fragments  is  not  so  clean-cut.  Fragmentation 
is  undoubtedly  coarser  towards  the  nose  (see  Plate  4)  but  many 
of  the  nose  fragments,  instead  of  breaking  off  cleanly  in  the 
region  of  the  booster,  extend  on  into  the  side-wall  region  below. 
Those  nose  fragments  also  have  velocities  well  below  the  average 
(OSRD  Report  No.  5531 )  o  For  Navy  5”  A. A.  shell  bearing  the  same 
fuzes,  these  complications  would  presumably  not  arise  since  the 
nose  fragments  affected  by  the  presenco  of  the  fuze  would  con¬ 
stitute  a  relatively  small  fraction  of  the  total  casing  mass. 

One  would  expect  further  complications  due  to  the  presence  of 
the  rotating  band  and  also  end-effects  at  the  base  of  the  shell. 
While  the  copper  rotating  band  fragments  themselves  have  been 
segregated  from  the  steel  casing  fragments,  no  general  attempt 
has  been  made  to  treat  the  steel  base  fragments  separately  from 
the  side -wall  fragments,  though  this  would  be  desirable  in  a 
more  detailed  fundamental  investigation. 

One  may  derive  physical  interpretations  of  the  parameters  A 
and  M0  in  Equations  (1)  -  (4)  as  follows:  If  the  distribution 
lav/  were  valid  down  to  the  smallest  fragments,  it  is  clear  from 
(3)  that  the  total  number  would  be  AMp .  At  the  same  time,  by 
integrating  the  expression  for  MgdHTn  terms  of  Equation  (1), 
one  would  obtain  for  the  total  mass  of  the  fragments  2  AM  o. 

The  average  fragment  mass  would  therefore  be  2M0'.  This  provides 
a  tentative  physical  interpretation  for  Mo:  IT  equation  (1)  wore 
valid  over  the  entire  fragment  mass  rangeT^  the  square  of  Mo 
would  be  equal  to  half  the  mean  fragment  mass.  An  equivalent 
interpretation  may  be  derived  by  integrating  the  expression  for 
M  dN :  we  may  show  then  that  Mo  would  be  equal  to  the  mean  square- 
root  of  the  individual  fragment  mass.  The  constant  A  may  be 
eliminated  by  reference  to  the  total  mass  of  the  fragments.  Wo, 
which  is  generally  known  (if  recovery  is  complete,  it  should 
be  equal  to  the  original  casing  mass):  A  =  Wp/2Mo  •  In 
Equations  (2)  -  (4),  the  combination  AM0  could  be  replaced  by 
Wq/2Mq5.  Thus,  for  a  particular  shell,"'  with  Wo  given,  the 
distribution  for  a  given  explosive  filling  wouXd  be  characterized 
by  the  value  of  the  single  parameter  Mo . 

Actually,  we  cannot  in  practice  measure  the  real  total  number 
of  fragments  nor  hence  their  true  average  mass,  and  furthermore, 
we  have  noted  that  Equation  (1)  is  not  valid  anyhow  for  the 
smallest  fragments.  If  it  does  apply  down  to  some  least 
individual  mass  in  which  we  are  interested  (e.g«,  1  gram  for 


service  31’  shell),  we  may  modify  the  interpretation  as  follows: 
Down  to  individual  mass  mi,  the  cumulative  mass  Wi  of  the 
fragments,  by  integrating"* the  expression  for  M2dK7  will  be 

Wi  =  AM0  (2M02  +  2M0Mi  +  Mq2)  exp  (-  Hi.  )  (6) 

Mq 


Since  we  may  readily  measure  Wi,  liquation  (6)  together  with 
the  value  of  Mo  serves  to  fixThe  value  of  A,  so  that  just  as 
in  the  ideal  case  where  mq*0,  the  distributi  on  lew  requires,  adjustment 
of  only  the  one  parameter  Mo,  in  addition  to  the  directly  observed 
cumulative  mass  Wl,  to  fit”rEhe  data.  Thus,  for  the  special  case 
mi  =  1  (gram): 


!Jl  exp  (l/M0) 

+  2KC  “VI 


(7) 


By  integrating  the  expression  for  M  dl?,  we  may  show  furthermore 
that: 

M0  =  m1/2  -  (mq)1/2  (8) 

where  the  average  represented  by  the  first  term  on  the  right 
is  taken  only  over  those  fragments  with  masses  equal  to  or 
exceeding  mq.  In  other  words,  so  long  as  Equation  (1)  accurately 
representsThe  distribution  for  all  those  fragments  with 
individual  masses  equal  to  or  exceeding  mq,  M0  accurately 
represents  the  excess  of  the  mean  square^FooTTof  their  fragment 
mass  over  the  square -root  of  the  limit  mass  mq.  Of  course  in 
the  ideaq  case  discussed  previously  where  mq~can  be  taken  as 
zero.  Equation  (8)  reduces  to  M0  =  m1/2  averaged  over  all  the 
fragments • 


Equation  (8)  constitutes  the  most  straightforward  method  of 
calculating  Mo  from  the  observed  data  for  a  given  shell,  though 
it  is  a  tedious  one  since  it  involves  taking  the  square-root 
of  each  individual  mass  before  averaging.  By  comparing  (6) 
with  (3)  however,  we  may  derive  an  equivalent  expression  for 
M0  in  terms  of  the  mean  fragment  mass,  m  =  Wl/Nl,  averaged  over 
aTl  the  fragments  of  interest  having  individual  masses  equal 
to  or  exceeding  mq: 


m  =  2Mo2  +  2MoMq  +  Mq2 

In  _  (2  m-  mq)1/2  -  (mq)1/2 

2 


O) 

(10) 


For  the  special 


case  mi  =  1 

„  _  U  2  m 
M0  =  - 


(groan) : 

-T  -  1 


2 


(11) 


One  should  note  that  if  Equation  (11)  is  used  to  calculate  M0 
and  Equation  (7)  to  calculate  AMp  (and  by  inference  A),  oneTs 
in  fact  adjusting  A  so  that  Equation  (3)  is  exactly  Satisfied  by 
the  observed  data  For  Mi  =  1,  Ns  =  Nq ( observed ).  This  becomes 
evident  upon  substitution  of  (9)  with.  Mq  =  1  irf(  7).  observing 
that  by  definition  in  =  Wq/Nq,  and  comparing  with  (3).  Therefore 

we  could  equally  well  use  Equation  (3)  in  the  form: 

AM0  “  Nq  exp  (  )  (11»  ) 

to  fix  AM0  from  the  observed  value  of  Nq  and  the  computed 
value  oTTIo  according  to  (11). 

Wg  may  determine  a  value  of  M0  by  using  a  more  elegant  statistical 
approach,  the  method  of  maxinlum  likelihood*  By  this  method, 
suggested  to  us  informally  by  Dr*  L*  H*  Thomas  of  the  Ballistic 
Research  Laboratory,  a  value  of  Mo  is  selected  that  makes  the 
observed  fragment  mass  distribution  most  probable,  assuming  that 
it  tends  to  follow  the  exponential  law  (1) ,  as  compared  with 
all  other  possible  values  of  Mp*  The  procedure,  which  takes  no 
explicit  account  of  the  cumulative  fragment  mass,  is  outlined 
in  Appendix  II*  It  has  the  theoretical  advantage  of  taking 
greater  account  of  the  actual  distribution  in  detail  instead  of 
assigning  Mo  on  the  basis  merely  of  an  averaged  mass.  On  the 
other  hand,  for  the  shell  that  we  have  analyzed  by  both  methods, 
the  difference  in  the  estimated  values  of  Mo  has  been  less  than 
5 f0,  or  no  greater  than  the  variation  in  MoTrom  shot  to  shot  in 
a  series  of  repeated  shots.  We  have  preferred  to  use  (11)  to 
estimate  the  value  of  M0  because  the  equation  is  so  simple  to 
apply.  It  involves  the~as sumption  that  the  actual  distribution 
does  in  fact  satisfy  rather  accurately  the  empirical  equation 
(1),  but  if  this  is  not  so,  the  value  of  Mo  obtained  by  any 
statistical  method  has  little  significance. 

By  Equation  (11),  we  can  always  calculate  formally  a  value  of  Mo 
for  any  given  distribution,  whether  or  not  the  distribution  fits 
Equation  (1).  To  show  whether  Equation  (1)  does  indeed  fit  the 
data,  allowing  for  random  statistical  fluctuations,  we  may 
apply  the  Chi-square  test,  as  suggested  to  us  by  Dr.  H.  Scheffe 
of  the  Applied  Mathematics  Panel.  This  test  is  described  in 
Appendix  I  and  shows  whether  at  a  given  level  of  confidence  the 
data  are  consistent  with  the  assumed  law  or  whether  this  assumption 
must  be  ruled  out  as  too  unlikely* 

A  different  form  of  fragment  distribution  law  has  been  proposed 
by  Yi*  Payman  (British  Report  A*C»  4604),  This  law  describes 
empirically  the  fraction  Wq/Wp  of  the  total  casing  mass 
accumulated  In  fragments  having  individual  masses  equal  to  or 
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exceeding  mi,  as  a  function  of  mi: 

log  UiA;0  =  -  c  m^  (12) 

Obviously  Equations  (12)  and  (1)  cannot  be  exactly  consistent 
with  each  other.  If  we  were  to  assume  that  (1)  is  applicable 
over  the  entire  distribution  down  to  and  including  the  smallest 
fragments,  so  that  AM0  in  Equation  (6)  could  be  replaced  by 
W0/2M0^»  we  should  FETFain  as  the  expression  equivalent  to  (12): 

log  Wi/%o  =  -0.4343  !  ^  +  1°S  (1  +  +  §£,)  (13) 

Actually,  the  assumption  is  in  this  case  a  not  unreasonable  one 
since  even  though  the  numbers  of  very  small  fragments  (i.e.  smaller 
than  1  gram)  do  in  fact  depart  widely  from  those  that  would  be 
calculated  in  accordance  with  Equation  (1),  their  contribution 
to  the  total  mass  is  relatively  small,  e.g.,  less  than  5 %,  so 
that  substitution  of  a  calculated  instead  of  the  observed 
contribution  to  the  cumulative  mass  over  this  range  can  introduce 
no  appreciable  error.  For  (12)  and  (13)  to  be  consistent  with 
each  other,  it  readily  follows  that: 


0 . 4343 

MI7to 


tli/M'o)2  l0S  (1  + 


Mi 

M0 


(14) 


The  expression  on  the  right  of  Equation ' (14 )  has  been  computed 
for  various  assumed  values  of  Mi/M0,  as  follows: 


Mi/M0 

Wi/Wo 

c  M02 

4.0 

0.233 

0,0390 

3.5 

0.321 

0.0403 

3.0 

0.423 

0.0415 

2.5 

0 . 544 

0.0423 

2.0 

0.677 

0.0431 

1.5 

0.809 

0,0410 

1.0 

0.920 

0.0364 

One^sees  that  over  the  range  of  Wi/W0  between  about  0.30  and  0,85, 
cMo2  is  nearly  constant  with  a  value  between  0.040  and  0,043. 
TTH.  Wise  has  shown  from  experimental  results  with  various  shell 
that  a  constant  value  of  cM02  averaging  about  0.0412  is  in  fact 
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obtained  (A.R.D.  Theoretical  Research  Report  23/44).  He  has 
suggested  using  an  equation  such  as  (13)  to  oalculate  Mo 
from  observed  cumulative  fragment  mass  data.  A  fur  ther""re  view 
of  this  treatment  is  given  by  N.  F  .  Mott,  J*  H.  Wilkinson  and 
T.  H.  ’Vise  in  A.R.D,  Theoretical  Research  Report  37/44* 

The  near  constancy  of  cMp2  in  the  range  of  Wj_/W0  between  0.30 
and  0.85  implies  that  if  Mott' s  equation,  Equation  (1),  fits 
the  observed  fragment  mass  distribution  over  that  range,  then, 
Payman’s  equation,  Equation  (12)  approximately  will  also. 
Conversely,  if  Equation  (12)  fits  the  observed  data,  then  over 
the  range  W'i/W0  between  0.30  and  0.85,  Equation  (1)  will  fit  it 
also,  with“a  value  of  Mo  approximately  equal  tO|/U.d4lb/c  • 

Beyond  0.85,  Equation  TT2 )  will  be  r ather  insensitive  to  the 
fragment  mass  distribution  in  terms  of  numbers,  so  the  fact  that 
Equation  (12)  may  be  valid  over  that  range  (that  of  the  smallest 
fragments)  suggests  nothing  specific  about  the  actual  mass  dis¬ 
tribution  in  terms  of  numbers,  we  have  stated  that  for  many 
shell.  Equation  (1)  continues  to  be  valid  down  to  Wi/Wo  of  about 
0.95,  beyond  which  it  no  longer  fits  the  data.  While  such 
behavior  may  be  technically  inconsistent  with  application  of 
Equation  (12)  in  that  range  (i.e.  beyond  0.85),  in  practice 
Equation  (12)  could  still  continue  to  be  approximately  satisfied 
without  implying  anything  precise  about  the  numerical  distribution. 
In  the  range  of  Wi/W0  below  0.30,  Equations  (1)  ^and  (12)  become 
increasingly  incompatible  with  each  other  as  Wj. /W0  is  taken 
smaller  and  smaller.  However,  this  range  includes’  only  a 
few  of  the  largest  fragments  and  one  would  be  inclined  for 
practical  purposes  to  discount  departure  of  the  observed  dis¬ 
tribution  from  either  (1)  or  (12)  if  these  equations  were  found 
to  fit  the  data  with  reasonable  accuracy  over  the  middle  range 
of  Wj/Wp. 

Whether  Equation  (1)  with  its  derived  forms,  (2)  and  (3),  or 
Equation  (12)  is  the  more  useful  analytical  formulation  depends 
upon  the  particular  application.  In  general,  we  favor  (1)  and 
particularly  (3)  giving  the  cumulative  number  as  a  function  of 
the  individual  fragment  mass.  The  reason  is  that  since  the 
fragments  from  a  conventional  shell  are  distributed  over  a 
fairly  narrow  range  of  velocities,  there  will  be  some  rather 
well-defined  lower  critical  mass  for  a  given  target  such  that  all 
heavier  fragments  have  a  reasonable  expectation  of  penetrating 
through  it  (  in  a  precise  treatment  the  additional  factors  of 
retardation  and  orientation  to  the  target  must  of  course  be  taken 
into  consideration).  If  this  critical  mass  has  been  determined. 
Equation  (3)  then  gives  directly  the  number  of  effective  fragments. 
On  the  other  hand,  an  equation  such  as  (12)  may  be  the  more  useful 
in  the  study  of  controlled  fragmentation,  where  we  may  be  in¬ 
terested  in  efficiently  transforming  a  large  fraction  of  the  total 
casing  mass  into  fragments  of  a  predetermined  size. 


III.  Physical  properties  of  the  casing. 

The  non-uniform  behavior  of  shell  in  pit  fragmentation 
studies  has  been  commented  upon  (R.  W.  Gurney  and 
J.  N.  Sarmousakis  -  Ballistic  Research  Laboratory  Report 
No.  448),  Considerable  variation  in  the  numbers  of 
fragments  has  been  noted  even  from  members  of  a  single 
lot  of  shell,  though  Picatinny  Arsenal  claims  to  have 
improved  the  reproducibility  greatly  by  careful  control 
over  the  method  of  initiation  (P.A.  Report  No.  1530  by 
G.  iA.  Hopkins),  Variations  in  the  quality  of  the  casing 
as  well  as  the  possible  presence  of  small  scratches 
on  the  surfaces  have  no  effect  upon  the  fragment  velocities, 
which  for  a  given  explosive  are  governed  solely  by  the 
charge  weight/casing  weight  ratio  (except  for  end  effects), 
but  they  may  have  a  very  large  effect  upon  the  numbers  of 
fragments  produced. 

The  fact  that  the  elementary  precaution  of  selecting  the 
shell  for  an  experimental  investigation  from  a  single  lot 
affords  insufficient  protection  against  drawing  un¬ 
representative  samples  was  brought  home  to  us  by  physical 
tests  run  on  six  shell  taken  at  random  from  a  lot  of 
five-hundred  Mk.27-3  3"  A. A,  shell,  Lot  No.  1350,  sent 

to  us  from  the  Naval  Ammunition  Depot,  Fort  Mifflin,  The 
sample  shell  were  given  to  the  Pittsburgh  Testing  Laboratory 
for  examination.  Each  was  quartered  longitudinally  and 
test  specimens  were  taken  from  each  of  the  four  quarters. 

The  test  results  are  given  in  condensed  form  in  Table  I. 


• 

Shell 

Physical  Tests 
Drawn 

Table  I 

of  Mk,27-3  3ff  A. A.  Shell 

From  Lot  No.  1350 

Yield 
Strength 
Sample  (psi.) 

Tensile 

Strength 

Elongation 

(%) 

Brinell 

Hardness 

1 

A 

106,520 

124,220 

30.0 

255 

B 

103,700 

123,280 

24.3 

255 

0 

105,980 

123,430 

24.3 

262 

D 

109,050 

123,010 

21.4 

255 

2 

A 

100,900 

122,580 

24.3 

255 

B 

101,100 

122,900 

24.3 

269 

C 

107,550 

122,100 

22.9 

262 

D 

104,620 

123,520 

22.9 

262 

3 

A 

61,430 

77,640 

25.7 

217 

B 

82,020 

109,600 

24.3 

229 

C 

87,440 

108,850 

25.7 

229 

D 

90,460 

109,550 

23.6 

229 

4 

A- 

96,900 

115,700 

25.7 

241 

B 

101,420 

115,850 

25.7 

241 

C 

97,490 

115,890 

22.9 

241 

D 

99,500 

115,800 

25.7 

241 

5 

A 

92,900 

118,290 

25.7 

241 

B 

95,480 

117,300 

24,3 

248 

G 

92,970 

117,100 

24.3 

248 

D 

97,000 

116,490 

22.9 

248 

6 

A 

101,800 

115,700 

24.3 

248 

B 

100,000 

116,400 

25.7 

241 

C 

101,500 

115,100 

25.7 

241 

D 

95,900 

114,700 

25.7 

241 
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One  sees  that  of  the  six  shell,  one,  No.  3,  was  well  below 
the  others  in  quality  and  actually  failed  to  meet  speci¬ 
fications.  Shell  Nos.  4,  5  and  6,  while  greatly  superior 
to  No.  3,  were  still  inferior  to  Nos.  1  and  2,  though  we 
do  not  know  how  a  difference  of  this  order  of  magnitude  would 
affect  shell  break-up.  Fortunately  there  appears  to  be  a 
correlation  between  the  hardness,  which  can  be  measured  with¬ 
out  destroying  the  individual  shell,  and  the  yield  and  tensile 
strengths.  This  correlation  can  be  used  in  at  least  a 
negative  sense  to  reject  substandard  shell  showing  abnormally 
low  hardnesses,  even  though  it  will  be  impossible  to  measure 
the  actual  strengths  of  the  shell  accepted  for  investigation 
on  the  basis  of  this  test.  As  shown  in  the  following  section, 
ten  more  shell  from  this  lot,  accepted  on  the  basis  of 
uniform  hardness  results,  were  loaded  with  cast  TNT  and 
fragmented.  The  average  number  of  fragments  down  to  1  gram 
individual  mass  was  285  with  standard  deviation  of  19, 
showing  a  quite  acceptable  degree  of  consistency.  On  the 
other  hand,  at  least  one  additional  shell  from  the  same 
lot,  whose  hardness  was  well  below  the  average  for  the  ten, 
gave  a  significantly  coarser  fragment  mass  distribution, 
the  number  of  fragments  down  to  1  gram  being  only  244. 

We  may  conclude  that  for  a  precise  study  of  fragment  mass 
distribution,  not  only  should  the  shell  all  be  selected 
from  the  same  lot  but  in  addition,  individual  hardness 
measurements  should  be  taken  and  used  as  a  basis  for  further 
selection.  If  this  is  not  done,  one  runs  the  risk  of  obtain¬ 
ing  inconsistent  results  whose  interpretation  is  obscured 
by  undetected  differences  in  the  quality  of  the  individual 
casings.  Furthermore,  one  should  take  care  to  avoid  surface 
scratches  since  a  scratch  only  0.004'*  deep  has  been  shown  to 
favor  fracture  along  the  scratch  in  preference  to  other 
neighboring  locations  (see  British  Report  A.C.  1241  by 
H.  L.  Porter). 
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IV.  Results . 

1,  Mk.27-3  3"/50  A. A.  Projectile. 

a)  Repeated  trials*  with  shell  of  uniform  hardness ,  TNT 
with  Me. 51  MT  fuze. 


A  set  of  ten  ilk. 27-3  3”  projectiles  was  selected  from 

Lot  No.  1350  on  the  basis  of  uniform  hardness.  The 
average  hardness  ranged  between  25.7  and  27.5  on  the 
Rockwell  0  scale.  In  addition,  two  shell  v/ith  lower 
average  hardnesses,  19.7  and  21.1,  respectively,  were 
selected  from  the  same  lot.  These  shell  were  loaded  with 
cast  TNT  and  drilled  out  to  receive  the  service  Mk,51 
mechanical  time  fuze  and  Ilk. 54  auxiliary  detonator.  The 
fuzes  were  dummies  with  the  clock-work  replaced  by  a 
brass  plug  of  equal  weight.  The  auxiliary  detonator, 
armed  for  static  firing,  was  initiated  by  means  of  a 
No.  8  duPont  electric  blasting  cap  inserted  on  the  axis 
of  the  fuze  and  butting  against  the  firing-pin  of  the 
auxiliary  detonator.  The  empty  casing  weights,  without 
fuzes,  averaged  4118  +  8  g.  and  the  main  charge  weights 
averaged  363  +  3  g.  ,  the  density  being  about  1.60.  The 
auxiliary  detonators  contained  the  standard  15  g.  Tetryl 
boosters. 

The  object  of  these  shots  was  to  obtain  statistical  in¬ 
formation  on  the  reproducibility  of  the  fragment  mass 
distribution  when  care  had  been  taken  to  eliminate 
variations  in  casing  hardness  (and  presumably  along 
with  it,  variations  in  other  physical  properties  of 
the  steel). 

The  results  are  summarized  in  Table  II.  The  fragments 
from  a  tjrpical  shell  are  shown  arranged  according  to 
mass  in  Plate  3*  The  same  fragments  are  shown  in  Plate  4 
arranged  approximately  according  to  the  region  of  the 
shell  from  which  they  came.  In  Plate  4,  no  attempt  has 
been  made  to  locate  fragments  having  masses  of  less  than 
1  gram.  The  smaller  fragments  have  merely  been  grouped 
.in  the  piles  shown  at  the  top  of  the  picture.  The 
thickness  /.of.  typical  side-wall  fragments  ranged  between 
0.35*'  and  0.40",  the  average  being  about  0.37s,„  The 
original  casing  thickness  was  0.54". 

Table  II  includes  values  of  M0  and  AM0,  calculated  for 
each  shell  in  accordance  w i th  E qua  1 1 on s  (11)  and  (11’) 
and  also  the  value  of  t/  / 2  calculated  as  shown  in  Appendix  I* 
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Nominal  weight.  Casing  steel  weight  may  be  in  error  by  several  grams  due  to  possible  small 
variations  in  this  quantity. 

May  include  a  small  quantity  of  fragments  from  fuze,  auxiliary  detonator  or  adapter,  not 
identifiable  as  such. 
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In  HI  are  summarized  the  estimated  average  cumulative 

numbers  of  steel  casing  fragments,  with  their  estimated 
standard  deviations  for  the  ten  uniform  shell,  Nos.  70,  71, 
73-80.  These  averaged  data  are  plotted  graphically  in 
Figure  2.  The  table  includes  also  values  calculated 
according  to  the  empirical  equation: 

Mi 

Ih  =  466  exp  ( - = -  ) 

1  y  v  2.03  ‘ 

where  2.03  with  estimated  standard  deviation  0.09  is  the 
estimated  average  value  of  MQ  and  466  is  the  value  of  AM0 
that  with  this  value  of  M0  gives  correctly  the  observed 
average  value  285  of  Nj.  The  straight  line  in  Figure  2 
has  been  drawn  to  correspond  with  this  equation. 

Table  III 

Average  cumulative  numbers  of  steel  casing 
fragments  with  individual  masses  equal  to 


or  exceeding 
TNT,  with  Mk. 

mq,  Mk.27-3  3"  projectile, 

51  MT  fuze. 

mi 

grams ) 

Average  Nq 
obs . 

Std. 

deviation 

Nq  (empirical 
equation) 

Difference , 
obs.  -  calc 

100 

4 

1 

3 

+  1 

81 

7 

j?. 

6 

+  1 

64 

11 

2.  ■ 

9 

+  2 

49 

17 

15 

+  2 

36 

23 

2 

24 

-  1 

25 

33 

3 

40 

-  7 

16 

59 

4 

65 

-  6 

9 

115 

7 

7  06 

+  9 

4 

177 

4 

174 

+  3 

1 

285 

19 

(285) 

(0) 

0.25 

428 

34 

364 

+  62 

Upon  examining  the  observed  results,  one  sees  that  the  data 
for  the  ten  shell  are  reasonably  consistent,  particularly 
down  to  individual  fragment  masses  of  at  least  1  gram. 

Even  down  to  0.25  gram,  the  greatest  individual  departure 
from  the  average  number  is  less  than  15 °/o  of  the  average. 


The  data  for  Shell  No.  81,  which  had  a  subnormal  hardness, 
show  a  definitely  coarser  distribution  pattern.  The  number 
of  fragments  down  to  and  including  1  gram  individual  fragment 
mass,  for  example,  is  smaller  than  the  average  for  the 
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preceding  ten  shell  by  more  than  twice  the  standard  deviation, 
indicating  that  at  a  confidence  level  of  95^0,  this  shell  is 
distinguished  from  the  others.  For  Shell  No.  98,  whose 
hardness  was  not  quite  as  low  as  that  of  No.  81,  though  well 
below  the  average  for  the  ten  uniform  shell,  the  fragmenta¬ 
tion  was  coarser  than  the  average  but  not  sufficiently  so 
to  distinguish  this  shell  from  the  others.  It  falls  among 
the  three  coarsest  distributions  in  the  series  of  ten. 

According  to  the  Chi-square  test  for  goodness  of  fit  of 
empirical  Equation  (1),  six  of  the  twelve  shell,  Nos.  71, 

72,  75,  78,  79  and  98  may  be  regarded  as  having  distributions 
that  are  not  inconsistent  with  the  equation;  for  four, 

Nos.  74,  77,  80  and  81,  the  hypothesis  is  rejected  at 
significance  level  of  5 °jo  but  not  at  Vf0\  for  two,  Nos.  70 
and  76,  the  hypothesis  is  rejected  at  level  1 fo.  Rejection 
implies  that  the  departures  from  the  law  in  individual 
fragment  mass  categories  are  too  large  to  be  supposed 
consistent  with  merely  random  statistical  fluctuations. 

All  of  the  shell  show  a  systematic  departure  from  the 
exponential  lav;  in  the  range  9-16  grams;  the  observed 
number  in  this  range  (average  =  56  for  the  ten  uniform 
shell)  is  in  every  case  greater  by  an  amount  varying  from 
5  to  22  than  the  number  consistent  with  the  empirical 
equation.  All  but  No.  98  show  likewise  a  small  departure 
in  the  opposite  direction  in  the  range  between  25  and  36 
grams,  the  observed  numbers  (average  =  10  for  the  ten 
uniform  shell)  being  smaller  than  the  numbers  consistent 
with  the  empirical  equation  by  amounts  varying  from 
1  to  9.  These  departures  contribute  heavily  to  the 
rejections  indicated  by  the  Chi-square  test.  Neverthe¬ 
less,  since  no  other  simple  empirical  equation  fits  the  data 
any  better,  we  have  averaged  M0  and  Ali0  for  the  ten 
uniform  shell  (one  notes  thatThese  quantities  for  Shell 
No.  81  likewise  differ  from  the  averages -by  more  than  twice 
the  standard  deviations)  and  tabulated  the  values  of  Ni 
computed  according  to  Equation  (3)  in  Table  III.  ~~~ 

Except  between  36  and ■ 9  grams,  the  fit  is  excellent 
down  to  1  gram,  the  differences  between  the  observed 
and  the  calculated  values  of  Nq  being  nowhere  greater 
than  the  standard  deviations  oT  the  observed  values.  Below 
1  gram,  as  previously  noted,  the  empirical  equation  fails 
altogether,  the  actual  numbers  of  fragments  in  this  range 
greatly  exceeding  the  numbers  consistent  with  the  equation. 

V Je  have  attempted  to  analyze  in  greater  detail  the  nature 
of  the  fragment  mass  distribution  in  the  range  9-36  grams. 

For  the  Ilk. 27-3  shell,  it  is  quite  easy  to  identify  the 


origins  of  all  the  larger  fragments  (e.g,,  generally  down 

to  1  gram)  because  of  the  presence  cr  absence  of  various  characteristic 

surface  features  such  as  nose  adapter  threads,  rotating 

band  seat,  base  crimps  for  the  propellant  case,  etc.  (see 

Plate  4) .  The  shape  is  in  fact  far  from  that  of  an  ideal 

cylindrical  casing,  though  the  explosive  cavity  itself  is 

practically  cylindrical  over  almost  its  entire  length. 

In  Table  IV  we  have  sorted  out  within  various  mass  ranges 
down  to  1  gram  all  the  fragments  from  three  representative 
shell  (;f70,  75  and  79)  approximately  according  to  the  part 
of  the  casing  from  which  they  came.  There  is  naturally  a 
certain  amount  of  overlapping  in  defining  such  regions  of 
origin  since  some  larger  fragments  include  more  than  one 
region,  and  furthermore  there  is  uncertainty  in  determining 
the  origins  of  some  of  the  smaller  fragments,  but  in 
general,  the  fragments  are  readily  classified. 


Table  IV 


Classification  of  fragments  according  to  origin, 
Mk.27-3  3”  A.A.  projectile,  Mk.51  MT  fuze 


Numbers  of  fragments _ 

From 


Showing 

Mass  range  nose  adapter 
(g.)  threads 

From  central 
side-wall,  down 
to  rotating 
band 

From  under 
rotating 
band 

side-wall 
base  to 
rotating 
band 

9 

From 

base 

Total 

Shell  No. 

70 

7  100 

0 

3 

0 

0 

0 

3 

81  -  100 

0 

1 

0 

0 

0 

1 

64  -  81 

0 

5 

0 

0 

0 

5 

49  -  64 

0 

7 

0 

0 

1 

8 

36  -  49 

0 

7 

G 

0 

0 

7 

25  -  36 

0 

6 

0 

1 

1 

8 

16  -  25 

5 

13 

1 

7 

3 

29 

9-16 

5 

16 

12 

24 

6 

63 

1-9 

•  5 

128 

20 

20 

4 

177 

Total)  1 

gram; 

15 

186 

33 

52 

15 

301 

Shell  No. 

75 

>  100 

0 

3 

0 

0 

0 

3 

81  -  100 

0 

6 

0 

0 

0 

6 

64  -  81 

0 

4 

0 

0 

0 

4 

49  -  64 

0 

5 

0 

0 

1 

6 

36  -  49 

0 

5 

0 

0 

1 

.6 

25  -  36 

0 

6 

0 

3 

1 

10 

16  -  25 

2 

11 

1 

1 

5 

20 

9-16 

10 

12 

15 

13 

3 

53 

1-9 

2 

110 

27 

35 

2 

176 

Total )  1 

gram; 

14 

162 

43 

52 

13 

284 

Shell  No. 

79 

>  100 

0 

5 

0 

0 

0 

5 

81  -  100 

0 

3 

0 

0 

0 

3 

64  -  81 

0 

4 

0 

0 

0 

4 

49  -  64 

0 

4 

0 

0 

1 

5 

36  -  49 

0 

5 

0 

0 

0 

5 

25  -  36 

0 

12 

0 

1 

2 

15 

16  -  25 

1 

12 

1 

3 

4 

21 

9-16 

7 

4 

8 

24 

4 

46 

1-9 

4 

104 

38 

25 

4 

175 

Total )  1 

gram; 

12 

153 

46 

53 

15 

279 

r 


One  sees  that  a  characteristic  feature  of  the  mass  range 
between  9  and  16  grams  is  a  large  influx  of  fragments  from 
the  base  and  base  side-wall,  beyond  the  end  of  the 
explosive  cavity.  This  type  of  fragment  appears  also  in 
the  range  between  1  and  9  grams  but  their  relative  effect 
there  upon  the  total  number  is  small  because  of  the  large 
number  of  true  side-wall  fragments  appearing  in  this  range. 
The  apparently  better  agreement  of  the  fragments  from 
Shell  No.  79  with  the  exponential  law  in  the  range  9-16  grams 
(reflected  also  in  the  unusually  low  value  of^-  %)  is 
due  to  the  abnormally  low  number  of  true  side-wall  fragments 
(including  fragments  from  under  the  rotating  band)  for  this 
shell  in  this  range,  so  that  the  base  side-wall  fragments 
have  the  effect  of  compensating  for  the  deficiency  of  true 
side-wall  fragments  instead  of  markedly  increasing  the 
total  number  as  they  do  in  the  cases  of  the  other  shell. 

The  reason  for  such  a  variation  in  the  detailed  distribution 
pattern  obviously  cannot  be  detected  without  further 
experimental  study. 

Clearly,  a  fundamental  study  of  shell  break-up  should  begin 
with  long  cylindrical  casings,  having  perhaps  extensions  of 
a  different  metal  such  as  brass  to  reduce  end  effects  in 
the  main  steel  central  portion.  The  simple  exponential  law 
(1)  or  (3)  meanwhile  remains  a  useful  analytical  way  of 
representing  the  data  with  fair  accuracy  even  for  actual 
shell,  though  its  limitations  should  be  recognized. 

The  investigation  that  has  been  described  in  this  section 
has  served  primarily  to  demonstrate  that  reasonably  uniform 
fragmentation  data  can  be  obtained  by  ensuring  uniform 
hardness  in  addition  to  selecting  the  samples  from  a  uniform 
lot.  Even  within  a  given  lot  of  shell,  individual  variations 
in  mechanical  properties  may  occur  that  can  result  in  signi¬ 
ficantly"  different  fragment  mass  distributions. 
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Comparison  of  Composition  A  with  TAT , 


J1  MT  fuze 


In  addition  to  the  shell  described  in  the  preceding  section,  we 
have  fragmented  four  1 13s:.  27-3  3!'  projectiles,  two  containing  the 
standard  service  loading  of  0.75  lb.  cast  TAT  and  two  containing 
experimental  loadings  of  370  grams  pressed  Composition  A-3.  The 
shell  were  service-loaded  and  were  from  different  lots,  without 
hardness  tests,  so  the  exact  significance  of  the  results  must  be 
discounted  accordingly.  The  two  TNT- loaded  shell  (Shots  ##18  and 
*21)  bore  Lot  Humber  1642-193?  and  were  received  from  HAD,  Fort 
Mifflin,  while  the  two  Composition  ^.-loaded  shell  were  Lot  Hum-- 
bers  161-1937  (Shot  Ho.  19)  and  194-1937  (Shot  Ho.  23)  and  were 
received  from  NAD,  St.  Julien’s  Creek. 


The  shell  were  initiated  with  Lk.  51-2  mechanical  time  fuzes  and 
Ink.  46  auxiliary  detonators.  The  detonators  were  armed  by  remov¬ 
ing  the  centrifugal  detents  from  the  firing  pins  and  turning  the 
rotors  to  the  armed  position.  The  fuzes  were  modified  for  static 
initiation  by  drilling  a  small  hole  through  the  side  into  the 
primer  cavity  below  the  striker  pin  and  inserting  an  electric 
match-head  in  place  of  the  primer.  The  match-head  ignited  the 
powder  ring  of  the  fuze,  thus  generating  pressure  in  the  normal 
way  to  drive  in  the  firing  pin  of  the  auxiliary  detonator.  The 
clock-work  of  the  fuze  was  present  but  was  of  course  not  in  action. 


The  fragmentation  data  for  these  shell  are  presented  in  Table  V. 
Plates  J>  and  6  show  the  fragments  for  one  of  the  TNT-loaded  and 
for  one  of  the  Composition  m-loaded  shell  with  the  steel  casing 
fragments  arranged  in  order  of  decreasing  mass.  Plates  7  and 
show  the  same  fragments  arranged  respectively  according  to  the 
approximate  parts  of  the  casings  iron  which  they  came.  (Note  that 
the  fuze  cavity  was  as  shown  in  Plate  4. ) 


The  Lk.  51  mechanical  time  fuze  contains  about  72  grams  of  steel 
and  516  grams  of  non-ferrous  metal  parts,  while  the  Ilk.  46  aux¬ 
iliary  detonator  contains  220  grams  of  steel  and  106  grams  of 
non-ferrous  metal  parts.  Host  of  the  steel  parts  from  these  com¬ 
ponents  are  ouite  characteristic  and  readily  differentiated  from 
steel  fragments  coming  from  the  casing  proper.  The  smaller  frag¬ 
ments  are  less  readily  identified  and  it  Is  possible  that  a  few 
have  been  included  among  the  casing  fragments.  This  would  account 
for  minor  discrepancies  in  Table  V,  particularly  the  apparently 
high  recoveries  of  steel  casing  fragments  in  Shots  ##  18  and  23. 

The  overall  metal  recoveries  in  Shots  ?,-#  18  and  21  were  respectively 
15  and  8  grams  high.  Part  of  the  differences  may  be  due  to  small 


departures  of  the  actual  charge  weights  from  the  nominal  value  of 
0.75  lb.  specified  by  the  Bureau  of  Ordnance.  We  could  not  measure 
the  charge  weights  directly,  since  tne  shell  were  received  already 
loaded.  In  Shots  yj  19  and  23,  the  total  metal  recoveries  were 
108  and  41  grams  low  respectively  out  of  original  totals  of  about 


5400  grams.  Most  of  the  losses  were  in  non-ferrous  parts  (more 
difficult  to  recover)  of  the  fuzes  and  auxiliary  detonators,  both 
of  which  were  noticeably  more  battered  for  these  Composition  re¬ 
loaded  shell  than  for  the  TLT-loaded  shell. 


kk.  27-3  3“  Projectile,  Ti-IT  and  Composition  A-3, 

kk.  51-2  kT  Fuze  und  kk.  4 6  auxiliary  Detonutor 


Initial  data: 

rpv.jrp 

•Lam  1 

413 

#21 

Composition  . 
#19  #23 

fcotal  weight,  loaded  shell 

4434  g. 

4469  g. 

4473  g. 

4491 

without  fuze  or  adapter 

Charge  weight* 

340 

340 

370 

370 

Casing  weight 

4144 

4129 

4108 

4121 

Copper  rotating  band** 

204 

204 

204 

204 

Casing  steel 

3940 

3925 

3904 

3917 

Fuze  adapter 

356 

•  353 

352 

357 

kk.  46  auxiliary  detonator 

342 

346 

342 

341 

Booster  v,/eight 

15 

15 

15 

15 

kk.  51-2  fuze 

603 

605 

609 

604 

Metal  parts,  fuze  +  aux.  det. 

+  adapter 

1282 

1290 

1284 

1283 

General  recovery  data: 

Casing  steel  fragments*** 

3977 

3925 

3906 

3945 

Weight  of  all  fragments 

3319 

3754 

3658 

3728 

>1  :;ram 

Copper  fragments  from  rotating 

193 

204 

191 

190 

band 

adapter  parts 

\ 

356 

351 

358 

.aux.  det.  parts 

/717 

318 

261 

284 

Fuze  parts 

‘  549 

623 

574 

586 

^Nominal  values,  as  specified  by  the  Bureau  of  Ordnance. 
Derived  casing  weights  may  be  in  error  by  several  grams, 
due  to  variations  in  these  quantities. 


**ITominal  value, 
several  grams , 


Casing  steel  weights  may  be  in  error  by 
due  to  variations  in  this  quantity. 


***kay  include  small  fragments  from  fuze  and  auxiliary  deton¬ 
ator  not  identifiable  as  such. 
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Table  V  (continued) 


Detailed  recovery  data: 


Composition  A- 
,-19  jt21 


No.  with  mass  >169  gr e 

ms  1 

1 

144 

2 

2 

121 

2 

3 

0 

100 

4 

5 

1 

81 

7 

10 

1 

64 

15 

14 

0 

2 

49 

18 

18 

8 

11 

36 

23 

23 

20 

23 

25 

38 

32 

37 

37 

16 

61 

65 

65 

58 

9 

107 

103 

129 

106 

4 

156 

166 

209 

228 

1 

252 

254 

430 

413 

0.25 

380 

384 

706 

576 

Average  mass  of  fragments 

with  individual  mass  > 1 

gram  15,16 

14.78 

8.51 

9 

l-o 

2.21 

2.17 

1.50 

1 

Ati0 

396 

402 

837 

782 

^  2 

9.92 

11.25 

(13.30) 

*  (9 

v'See  Appendix  I  for  significance.  Values  for  Shots  19  and 
23  were  calculated  for  five  degrees  of  freedom  instead  of  the 
usual  six. 


Copper  rotciting  band  fragments 

no.  with,  mass  between: 

9  and  12  grams  2 

0.25  and  9  grams  58 

Fuze,  aux.  det.  and  adapter  fragments 

No.  with  mass: 

greater  than  100  grans  3 

between  49  and  100  grams  1 

between  9  and  49  grams  1 

between  O.25  and  9  grams  29 
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The  data  for  the  two  TNT -loaded  shell  are  in  excellent  agreement 
with  each  other,  though  the  fragmentation  is  definitely  a  little 
coarser  than  for  the  ten  shell  described  in  the  preceding  section. 
It  rather  closely  resembles  that  of  Shell  No.  81.  The  distribu¬ 
tions  are  described  quite  well  down  to  1  gram  individual  fragment 
mass  by  the  empirical  exponential  law: 

.  Nq  =  339  exp  (-  Jfi) 

f  2.19 

( see  Figure  3) .  The  data  for  the  two  Composition  A-loaded  shell 
are  less  consistent  with  each  other.  Shell  No.  23  has  a  distribu¬ 
tion  consistent  with  the  exponential  law  but  for  Shell  No.  19,  the 
Chi-square  test  rejects  this  hypothesis  at  significance  level  of 
5 io,  though  not  at  Vjo.  Shell  No.  19  gave  no  casing  fragments  more 
massive  than  64  grams,  and  gave  many  more  extremely  small  fragments 
(e.g.,  O.25  -  1  gram)  than  did  Shell  Ho.  23.  One  should  note  that 
these  shell  were  from  different  lots.  The  data  for  the  two  shell 
are  plotted  in  Figure  4,  together  with  the  straight  line  corres¬ 
ponding  to  the  empirical  equation: 

NN  =  305  exp  (-  ^i  ) 

1.53 

Vie  are  not  justified  in  drawing  definitive  conclusions  on  the  basis 
of  so  few  shots,  particularly  in  view  of  the  absence  of  information 
concerning  the  quality  of  the  particular  shell.  However,  the  re¬ 
sults  do  indie  ,<te  that  if  we  are  interested  in  fragments  with 
individual  masses  down  to  less  than  about  13  grams,  Composition  A 
is  superior  to  TNT  in  numbers  of  fragments  produced.  Down  to 
1  gram  individual  mass,  for  example,  the  number  produced  by  Com¬ 
position  a.  is  aoout  67^5  greater  than  the  number  produced  by  TNT. 

The  effectiveness  of  Composition  ^  is  further  enhanced  by  the  higher 
fragment  velocity,  averaging  2530  ft/sec.  at  9'  from  the  shell  as 
compared  with  an  average  of  2060  ft/sec.  for  TNT  (OSRD  Report  $5531 
by  R .  V .  Drake ) . 

It  is  interesting  to  compare  N.  F.  Mott’s  theoretical  formula  (5) 
for  M0  with  the  observed” values .  The  original  casing  thickness  of 
the  MM.  27-3  3"  projectile  is  0.54"  over  most  of  its  length. 

Putting  this  value  in  Equation  (5)  together  with  the  velocities 
just  quoted,  we  obtain  theoretical  Mo  values  of  I.65  for  TiiT  and 
1,44  for  Composition  A.  The  calculated  value  for  Composition  A 
is  in  fair  agreement  with  the  observed  value.  For  TIIT,  however, 
the  observed  distribution  is  considerably  coarser  than  that  corres¬ 
ponding  to  the  theoretically  calculated  value  of  M0 •  Part  of  the 
discrepancy  is  undoubtedly  due  to  the  coarse  f ragrientation  of  the 
upper  half  of  the  casing,  towards  the  nose,  resulting  from  the 
presence  of  the  inert  components  of  the  auxiliary  detonator.  For 
Composition  A,  the  coarsely  fragmented  region  does  not  extend  so 
far  down  the  casing  (compare  Plates  7  and  8).  If  for  TNT  the  nose 
half  of  the  shell  had  a  fragment  mass  distribution  more  like  the 
observed  distribution  of  the  base  half,  th,  value  of  M0  - 
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would  be  closer  to  the  theoretically  calculated  one.  The  nose 
fragments  do  in  fact  have  greatly  reduced  velocities  compared  with 
the  lower  side-wall  fragments. 

The  mean  thickness  of  central  side-wall  fragments  snowing  both 
inner  and  outer  surfaces  was  between  0.37"  and  O.38"  for  the  THT- 
iloadod  shell  and  about  0.40"  and  0.39"  Tor  the  Composition  n-loaded 
shell.  Comparing  these  figures  with  the  original  casing  thickness 
of  0.54",  vue  may  infer  that  this  part  of  the  casing  expanded  by 
about  44 ft  before  rupture  in  the  case  of  TNT  and  35-3 8$  in  the  case 
of  Composition  A.  The  difference  is  small  and  may  be  not  signifi¬ 
cant,  particularly  in  view  of  the  fact  that  the  shell  come  from 
different  lots. 
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c)  50-50  AN 03/Comp osition  A  and  Aluminized  Composition  a 


Two  Ilk.  27-3  3”  shell  from  Lot  No.  1350,  tested  for  hardness,  tiere 
fragmented  with  loadings  of  5O-5O  Potassium  Nitrate/Composition  A. 


This  composition  was  prepared  at  this  laboratory  by  C.  A.  Woltman 
to  meet  a  requirement  of  the  Bureau  of  Ordnance  for  a  high  explos¬ 
ive  spotting  filler  giving  a  white  burst  (Division  8  Interim  Report 
rPT~36,  p.  11).  The  fragmentation  tests  were  designed  to  show 


whether  the  mixture  retained  sufficient  effectiveness  as  a  frag¬ 


menting  agent,  since  it  was  known  that  a  smaller  proportion  of 
potassium  nitrate  failed  to  produce  a  white  burst. 


Three  shell  from  the  same  lot,  also  tested  for  hardness,  were 
fragmented  with  loadings  of  Aluminized  Composition  A  (73-18-9  RDL/ 
Aluminum/Wax) .  The  object  was  to  determine  whether  there  was  any 
advantage  of  this  composition  over  ordinary  Composition  . 

The  shell  were  loaded  in  the  following  way.  Pour  preformed  pellets 
of  diameter  just  large  enough  to  slide  in  the  casing,  were  inserted 
in  the  shell  and  consolidated  by  pressure.  The  level  of  the  explos¬ 
ive  was  then  adjusted  to  the  bottom  of  the  auxiliary  detonatpr 
cavity  by  adding  a  thin  layer  of  explosive,  where  necessary,  and 
pressing  again.  The  detonator  cavity  was  then  preformed  by  insert¬ 
ing  a  brass  slug  of  the  proper  size  and  pressing  explosive  around 
it  by  means  of  a  hollow  cylindrical  plunger.  The  pressure  was 
10,000  psi,  throughout.  The  shell  were  cavitized  to  receive  the 
dummy  Mk.  51  fuze  and  the  Ilk.  54  auxiliary  detonator,  as  in  the 
case  of  the  TNT-loaded  shell  discussed  in  Section  a,'  .  The  charge 
density  was  1.75  for  50-50  Potassium  Nitrate/Composition  A  and 
1.69  for  73-18-9  RDA/Aluminum/VJax. 

The  data  are  given  in  Table  VI.  The  fragments  for  one  shell  of 
each  type  are  shown  in  Plates  9-12.  In  Shot  No.  6l,  the  base  came 
off  in  one  single  fragment  instead  of  breaking  up  into  smaller 
pieces.  The  fragmentation  of  this  shell  was  otherwise  not  extra¬ 
ordinary. 


Table  VI 


Lk.  27-3  3'f  A.  A.  Projectile,  50-50  KUOo/Composition  A 
and  Composition  A/Ml,  Ink.  51  HT  Puzo  ana  Ink.  54  Aux.  Dot. 


Initial  data: 

^Hardness,  Rockwell  C 
Total  weight,  loaded  shell 
without  fuze  or  adapter 
Charge  weight 
Casing  weight 

Copper  rotating  band* 
Casing  steel 


Fuze  adapter 

ivik.  54  auxiliary  detonator 
+  Lk.  51  fuze 
Booster  weight 


Metal  parts,  fuze  +  aux.  dot 
+  adapter 

General  recovery  data: 

Casing  steel  fragments** 
Weight  of  all  fragments 
>  1  gram 

Copper  fragments  from 
rotating  band 


Fragments  from  fuze, 
aux.  dot.  and  adapter 


KUO  3  /C  omp .  A  C  omp .  A/Aluminum 

n~t~T8  Ho .  59  Ho.  60  Mo.  6l"  -~o.62 


26.4 

4515g. 

26.3 

4528g. 

26,3 

4526g. 

26.3 

4500g. 

26.0 

4505g 

4000 

4115 

204 

3511 

404 

4124 

204 

3920 

397 

4129 

204 

3925 

381 

4H9 

204 

3915 

391 

4114 

204 

3910 

357 

356 

358 

357 

356 

994 

999 

990 

998 

999 

15 

15 

15 

15 

15 

1336 

1340 

1333 

1340 

1340 

3938 

3834 

3922 

3320 

3922 

3740 

3906 

3762 

3858 

3706 

185 

202 

198 

191 

191 

1321 

1303 

1310 

1304 

1324 

^Nominal  value  ^ 

**May  include  a  small  quantity  of  fragments  from  fu  ^ , 
detonator  or  adaptor,  not  identifiable  as  such* 


auxiliary 
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Table  VI  ( continued ) 


Detailed  recovery  data : 


LNO^/  Comp  .k 
l~o. . T8"  No.  59 


Comp  .A/ii-luLiinum 
to .  60  No  76T  ao'.~62 


No.  vitli  moss  >  196  grams 

0 

**1 

169 

1 

1 

144 

1 

1 

121 

5 

0 

1 

100 

0 

5 

1 

1 

0 

31 

3 

7 

1 

3 

1 

6  4 

9 

13 

5 

5 

5 

49 

IS 

15 

11 

9 

10 

36 

27 

21 

17 

17 

24 

25 

46 

35 

27 

32 

40 

16 

69 

57 

62 

53 

69 

9 

121 

113 

134 

108 

125 

4 

184 

177 

224 

216 

18,3 

1 

284 

288 

387 

385 

346 

0.25 

365 

359 

557 

557 

480 

.overage  mass  of  fra 

6- 

wonts  >  1  .ram 

13.50 

13.26 

9.66 

9.67  • 

10.71 

2.05 

2.03 

1.64 

1,66 ...  . 

1.76 

ai,:° 

463 

471 

712 

703 

611 

£>:2* 

6.59 

10.78 

13.67 

4.67 

11.39 

Copper  rotating  band  fragments 

No.  with.  mass  between 

0.25  and  10  grams 

34 

55 

89 

96 

87 

Fuze,  aux.  dot.  and  adapter  fr 

agments 

No.  vitn  mass  >  100  _:r.  ms 

4 

3 

3 

5 

4 

between  49  and  100 

2 

2 

2 

1 

2 

between  9  and  49 

9 

11 

8 

8 

12 

between  0.1  and  9 

75 

74 

106 

86 

99 

*Sce  Appendix  I 

>M<Baso  plug,  302  g.,  in  one  piece. 


Thu  data  for  50-50  lilJO^/Composition  a  arc  in  fairly  good  agree¬ 
ment  for  the  two  shell,  though  ho.  59  gave  few  larger  fragments. 

The  results  are  plotted  graphically  in  figure  5, together  with  the 
lino  corresponding  to  the  empirical  equation: 

N.  =  467  exp  (-  IUi  ) 
j  2.04 

One  sees  that  the  distributions  are  practically  identical  with  those 
for  cast  TNT  (Table  II) . 

for  aluminized  Composition  A,  the  data  are  not  so  consistent. 

Shell  Nos.  60  and  61  are  in  good  agreement  with  each  other,  but  the 
distribution  for  No.  62  is  somewhat  coarser.  Nos,  61  and  62  are 
consistent  with _t he  exponential  law,  but  the  hypothesis  is  rejected 
for  No.  60  at  5$  significance  level,  though  not  at  1%.  The  results 
are  plotted  in  figure  6,  together  with  the  average  line  correspond¬ 
ing  to  the  empirical  equation: 

N.  -  675  exp  (-  Mi  ) 

1.69 

Comparing  with  Table  V,  bearing  in  mind , however, that  the  shell  in 
that  table  were  from  different  lots,  one  sees  that  the  fragmenta¬ 
tion  is  coarser  for  the  aluminized  Composition  m  than  for  the 
aluminized  Composition  ..  than  for  straight  Composition  A,  though 
still  appreciably  finer  than  for  TNT  (see  Table  II  for  exact  com¬ 
parison).  According  to  the  theory  of  shell  fractur- .  The  coarse  frag' aentat 
pattern  should  correspond  to  a  lower  cosing  expansion  velocity: .  No  noted, 
however,  that  several  of  the  fragments  frex.  these  shell  passed 
entirely  through  the  sawdust  and  marked  the  walls  of  the  frag¬ 
mentation  pit.  This  did  not  happen  with  any  other  type  of  3n  shell 
fired,  including  the  ones  loaded  with  straight  Coraposition 
Therefore  the  aluminized  Composition  a  apparently  gives  rise  to 
some  unusually  energetic  fragments.  It  will  be  interesting  to 
determine  the  fragment  velocities  with  this  filling.  If  these 
should  turn  out  to  bo  greater  than  for  straight  Composition  a  (just 
as  those  for  Torpex  are  greater  than  those  for  Composition  B) ,  the 
anomaly  could  be  explained  on  the  basis  of  the  supposition  that 
for  the  aluminized  composition  there  continues  to  be  acceleration 
of  the  fragments  by  the  explosion  products  after  break-up,  i.e., 
part  of  the  total  energy  is  released  after  the  casing  has  expanded 
to  the  point  of  rupture.  In  a  sufficiently  large  charge,  this  pre¬ 
sumably  would  not. occur  and  there  should  then  be  a  closer  corre¬ 
lation  between  velocity  and  mean  fragment  size. 
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d )  TITT-D2  and  Picratol  dompar g d  with  TNT 


In  comiGction  with  a  request  by  the  Bureau  of  Ordnance  for  infor¬ 
mation  concerning  cast  high  explosives  loss  sensitive  than  TNT  for 
use  in  the  Tiny  Tim  rocket  head,  we  tested  the  fragmentation  of 

Pthe  Ilk.  27-3  3“  shell  by  TNT-D2  (TNT  desensitized  with  5$  desonsi- 
tizer  consisting  of  86$  Stanolind  Yellow  Wax,  14$  Nitrocellulose 
and  0.1$  Lecithin)  and  by  Picratol  (52-48  Lmmonium  Picrato/TNT) 
in  comparison  with  TNT  itself.  Tritonal-D2  also  was  considered  for 
this  application  but  we  felt  that  fragmentation  tests  conducted  in 
small  projectiles  would  not  be  useful  in  the  case  of  this  "cool11 
aluminized  explosive,  in  view  of  the  relatively  much  greater  effect¬ 
iveness  shown  in  largo  charges.  L  parallel  investigation  of  fragment 
velocities  and  panel  penetrations  by  model  shell  filled  with  the 
same  explosives  was  carried  out  by  R.  v, .  Drake  at  this  laboratory 
and  the  results  have  boon  given  in  03RD  Report  no.  5622. 

The  shell  were  all  taken  from  Lot  No.  1350,  but  since  this  inves¬ 
tigation  was  started  before  hardness  and  other  mechanical  properties 
had  been  determined,  no  individual  hardness  measurements  were 
taken,  if  or  this  reason,  the  interpretation  is  open  to  some  question. 

Since  wo  wanted  to  bo  sure  that  the  main  charges  were  adequately 
boost ered,  wo  used  pressed.  25  gram  Tetryl  pellets  in  place  of  the 
15  gram  boosters  used  in  the  service  ilk.  46  and  mk.  54  auxiliary 
detonators.  The  shell  were  loaded  with  the  aid  of  8,!  long  aluminum 
riser  tubes  to  the  shoulders  seating  the  threaded  fuze  adapter  rings 
and  drilled  to  a  death  of  about  2  mm.  to  receive  the  uncased  1-1/4’-' 
diammter  pellets,  which  wore  sot  within  the  lower  threaded  sections 
of  tho  adapters  that  normally  receive  the  auxiliary  detonators.  The 
swell  were  closed  with  brass  end-plugs  weighing  about  670  grams, 
drilled  axially  to  receive  No.  8  duPcnt  electric  detonators  and 
screwed  into  the  upper  tiiree.de d  sections  of  t no  adaptors  in  piece 
of  fuzes.  One  of  the  TNT-loaded  shell,  No.  32,  was  fired  with  only 
a  light  wooden  plug  to  hold,  the  detonator,  in  place  of  the  heavy 
brass  end-plug.  This  was  done  to  test  whether  the  method  of  closure 
affected  tho  fragmentation  pattern.  Tho  fragment  mass  distribution 
for  this  shell- was  practically  indistinguishable  from  tnose  of  other 
TNT-loaded  shell,  except  time  the  adapter  ring  was  not  fractured . 

The  data  are  given  in  Table  VII.  The  fragments  for  one  shell  of 
each  typo  are  shown  in  Plates  13-15.  The  stool  casing  recoveries 
showed  small  irregularities,  none  exceeding  75  grams  out  of  totals 
of  about  4000  grams,  be  believe  that  practically  all  of  this  con¬ 
sisted  of  fine  dust  that  escaped  the  old-typo  magnetic  separator 
used  in  these  recoveries,  and  that  may  have  been  carried  over  from 
one  shot  to  another.  after  eight  of  the  shell  had  been  fired, 
using  the  same  batch  of  sawdust  repeatedly  fo±  the  fragment  recovery, 


the  sawdust  was  run  through  the  separator  wgaiu  at  three-fourths 
the  normal  speed.  a  total  of  111  grams  of  stool  was  recovered, 
of  which  98  grams  consisted  of  material  passing  through  a  U.  S. 
ho.  20  standard  sieve,  i.o. ,  the  individual  particle  mass  was 
probably  not  greater  than  0.005  grams.  Tho  now  separator  (Dings 
Typo  F-h.  with  magnetized  drum;  sea  Plate  2)  is  much  more  efficient, 
but  wo  believe  that  oven  with  the  old  machine,  recovery  ■  as  com¬ 
plete  down  to  0.25  g  am  individual  mass. 


Mk.  27-3  3”  Projectile,  TOT,  TOT-D2  and  Picratol,  Brass  End-plug  and  Uncased  25-gram 
Tetryl  Booster  in  place  of  Conventional  Fuze  and  Auxiliary  Detonator 

TOT  TOT-D2  Picratol _ 
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cases  include  a  few  very  small  particles  from  adapter,  not  identifiable  as  such 
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Those  data  are  fairly  consistent  with  the  exception  of  Shot  $42 
for  TNT.  This  shot  gave  many  more  fragments  and  a  generally  finer 
mass  distribution  than  the  other  TNT-loadod  shell.  It  is  unfor¬ 
tunate  that  wo  did  not  h..  vo  mechanical  property  tests  of  the  shell 
at  the  time  this  series  was  fired.  The  data  would  bo  brought  into 
lino  if  it  could  be  shown,  for  example,  that  Shell  $4 2  had  an  ex¬ 
ceptionally  great  hardness  and  associated  brittleness.  In  the 
absence  of  such  information,  we  have  little  choice  but  to  eliminate 
FShell  $42  from  the  comparison  on  the  arbitrary  basis  that  the 
results  are  not  consistent  witn  those  of  the  other  three  shell. 

The  other  three  TNT-loaded  shell  gave  rather  widely  varying  numbers 
of  fragments  down  to  0.25  gram.  Down  to  1  grara,  however,  the  data 
are  in  fairly  good  agreement,  with  Shot  #36  showing  a  somewhat 
finer  distribution  than  the  others.  The  distribution  for  Shot  $30, 
according  to  the  Chi-square  test,  is  inconsistent  with  the  ex¬ 
ponential  law  at  significance  level  of  1$.  The  departure  is  most 
prominent  in  the  range  of  large  fragments,  the  actual  numbers  of 
w^ich  are  too  small  in  relation  to  the  numbers  of  smaller  fragments 
to  be  consistent  with  the  law.  This'  is  shown  by  the  fact  that  when 
all  fragments  with  masses  equal  to  or  greater  than  49  grams  are 
grouped  in  a  single  class,  without  reference  to  the  detailed  dis¬ 
tribution  within  that  class,  the  observed  distribution  appears  to 
be  in  much  better  agreement  with  the  law.  ^  similar  remark  applies 
with  uven  greater  force  to  Shot  ,-.-41  (Picratol)  where  when  the 
number  witn  masses  jotweon  49  aid  64  grams  and  the  number  with 
masses  equal  to  or  greater  than  64  grams  are  treated  as  separate 
classes  (the  method  generally  followed  in  this  report;  see 
Appendix  I),  the  exponential  law  is  rejected  at  significance  1-vol 
of  5$  (though  not  at  Vfo)  ,  but  whe.±  all  fragments  with  masses  equal 
to  or  greater  than  49  grams  are  grouped  in  .  single  class,  the 
hypothesis  becomes  not  inconsistent  with  the  observed  distribution 
at" this  IvVol  of  significance,  evidently  the  distribution  of  the 
larger  fragments  is  in  this  case  the  major  source  of  deviation 
from  the  exponential  law. 

If  Shot  $42  is  removed  from  consideration,  the  three-  explosives 
show  indistinguishable  fragment  mass  distributions.  Table  VIII 
presents  average  cumulative  numbers  of  fragments  and  also  the  aver¬ 
age  values  of  L0,  together  with  their  average  deviations.  One  sees 
that  nowhere  aTf  the  differences  among  the-  averages  for  ti:m  throe 
explosives  significant  in  comparison  with  the  deviations  among  alio 
results  for  a  given  explosive. 
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Table  VIII 


Averages  for  TNT ,  TITT-D2  and  Picratol,  Hk.  27-3  3"  Projectile 


No.  steel  casing  fragments  with 
masses  equal  to  or  greater 
►  than:  100  grams 

81 

64 

49 

36 

25 

16 

9 

4 

1 

0.25 


2+2 
4+1 
8+4 
16+1 
25+2 
39+3 
64  +.  6 

117  +  12 
181  +  8 
298  +  5 
476  +  46 


TNT-D2 
_32  33,34,40 
2  +  i 
4  +.  2 

9  +  2 
16+0 
25  +  4 
41+1 

65+3 

114  +  3 
177  +  2 
296  +  6 

476  +  6 


Picratol 


2+0 
4+1 
9+1 
18+1 
30  +  2 
42  +.  2 
63  +  1 
109  +  2 
176  +  2 
303  +  3 
458  +  18 


196  +  0.03  1.96+0.04.1.95  +  0.02 


In  Figure  7,  we  have  plotted  the  average  data  in  Table  VIII  for 
each  type  of  loading  (with  exclusion  of  Shot  ^42)  and  also“the  lino 
corresponding  to  the  exponential  equation: 

Ni  =  498  exp  (-  Mi  ) 

1.96 

According  to  the  fragment  velocity  measurements  previously  referred 
to,  the  average  fragment  velocities  for  TNT  and  Picratol  were 
indistinguishable,  but  the  average  for  TNT-D2  was  about  6 $  lower. 
The  steel  panel  penetrations  for  TNT-D2  Bore  also  slightly  poorer 
than  for  the  other  two  explosives.  Pott  1  3  given  theoretical 
reasons  for  supposing  that  the  value  of  K0  for  a.  given  sholl  should 
vary  in  inverse  proportion  to  some  power-close  to  the  two-thirds 
of  the  initial  fragment  velocity  (see  Equation  5).  The  observed 
difference  of  6$  between  TNT  and  TNT-D2  would  lead  us  to  expect  a 
possibly  coarser  distribution  for  TNT-D2  corresponding  to  N0 
greater  by  about  4%.  Such  a  difference  would  probably  be  too  small 
to  be  detected  even  with  a  large  number  of  shots,  for  we  have  seen 
that  the  ten  uniform  TNT-loaded  sholl (discussed  in  Section  a),  gave 
a  standard  deviation  in  No  about  4-4$.  Unless  the  difference 
between  the  averages  forTwo  such  sets  of  observations  were  at 
least  twice  this,  or  bout  9 $,  we  should  be  unable  to  distinguish 
them  at  confidence  level  of  95$. 

Figures  for  Picratol  in  comparison  with  TNT  are  given  in  Pica- 
tinny  arsenal  Report  No.  1530  by  G-.  iu.  Hopkins.  In  the  90  mm. 
shell,  k71,  Picratol  gave  769  +.  32  fragments  as  compared  with 
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703  +  24  for  TNT.  In  the  3:r  shell,  1I42A1,  on  the  other  hand, 
Picratol  gave  437  +  23  as  compared  with  514  +  IS  for  TNT.  (Those 
totals  are  numbers  retained  on  'a  4-r.iosh  soroen,  which  includes 
93-99/0  of  the  original  casing  mass;  the  smallest  fragment  retained, 
would  be  the  order  of  0.8  gram  in  individual  mass.)  The  conclusion 
reached  was  that  the  two  explosives  were  in  the  same  group  with 
respect  to  order  of  effectiveness. 

I 

A  rather  unexpected  finding  in  tne  present  investigation  was  that 
both  the  values  of  M0  and  the  observed  actual  numbers  of  fragments 
for  TNT  (e.g.,  down- to  1  gram  individual  mass)  were  almost  the  same 
from  these  shell  as  from  the  shell  described  in  Table  It  that  were 
cavitized  to  take  the  Mk.  54  auxiliary  detonator,  despite  the  fact 
that  the  detonator  cavity  is  responsible  for  reducing  the  main 
charge  by  about  15$. 


41 


2.  Mk.31-1  3"/50  A, A.  Projectile 

At  the  request  of  the  Bureau  of  Ordnance,  we  have  fragmented  ten 
kk.31-1  3"  A. A.  projectiles  loaded  with  cast  TNT  and  ten  loaded 
with  pressed  Composition  A-3,  half  of  them  cavitized  to  receive 
the  Mk.  58  VT  fuze  and  Kk.  44  auxiliary  detonator  and  half  tc 
receive  the  longer  Mk.  45  VT  fuze  and  Mk.  44  auxiliary  detonator. 
All  of  the  shell  were  from  a  common  lot,  Lot  No.  138-37,  hut  they 
were  received  service-loaded  (from  NAD,  Fort  Mifflin),  and 
individual  hardness  tests  were  therefore  not  made.  The  object 
was  to  compare  the  two  explosives  under  the  service  loading 
conditions  in  this  shell,  normally  equipped  with  one  of  the  VT 
fuzes  occupying  a  relatively  large  part  of  the  casing. 

The  Mk.  31-1  projectile  differs  from  the  Mk.  27-3  in  certain  minor 
respects.  It  has  no  tracer  cavity  in  tue  base  and  instead  of  havi 
a  removable  fuze  adapter,  the  nose  itself  is  threaded  directly 
to  receive  the  VT  fuzes,  which  are  larger  in  diameter  than  the  MT 
fuzes.  The  o.d.  over  the  main  body  is  2.95',  the  bourrelet  at  the 
shoulder  being  slightly  larger,  2.985".  The  o.d,  of  the  Mk.  27-3 
projectile  is  2.98”  with  no  bourrelet.  In  both  projectiles,  the 
explosive  cavity  is  cylindrical  with  diameter  1.90”  over  practical 
its  entire  length,  so  that  the  casing  wall  thickness  is  slightly 
smaller  for  the  Mk.  31-1,  0.525''  as  compared  with  0.540”.  There 
has  been  in  existence  also  a  so-called  EX-2  3!?  A. A.  projectile, 
consisting  of  the  Mk.  27-3  with  the  nose  rethreaded  to  receive  a 
larger  adapter  that  takes  the  VT  fuzes.  A  parallel  investigation 
of  fragment  velocities  and  panel  penetrations  for  the  same  two 
explosives  and  same  two  fuzes  has  been  carried  out  at  this 
laboratory  by  R.T.  Drake  using  the  EX-2  projectile  ( OSRD  Reports 
Nos.  5266  and  5267). 

There  is  a  difference  in  the  way  in  which  the  Mk.  31-1  projectile 
is  loaded  as  compared  with  the  Mk.  27-3.  Due  to  the  large 
diameters  of  the  VT  fuzes,  there  is  just  room  for  them  within  the 
casings,  with  no  explosive  at  all  surrounding  them.  For  the 
Mk,  58  fuze,  the  first  3-1/2”  from  the  nose  and  for  the  Mk.  45 
fuze,  the  first  4-1/4"  of  the  8-1/2”  casing  length  therefore 
contain  no  explosive  at  all.  The  main  charge,  beginning  at  these 
respective  levels, .is  further  cavitized)  over  3/4"  length  to  receive  t 
booster  cup  of  the  Mk.  44  auxiliary  detonator.  The  main  charge 
with  the  Mk.  58  fuze  is  thus  247<>  less  and  with  the  Mk.  45  fuze 
38/o  less  than  in  the  case  of  the  Mk.  27-3  projectile  wi th  Mk.  51 
MT  fuze. 

For  these  static  shots,  the  fuzes  contained  no  electronic  parts 
but  were  ini  Mu- ted  in  the  armed  condition  by  an  external  electric 
firing  circuit  that  fired  the  electric  detonator  normally 
present  in  the  fuze.  The  auxiliary  detonators  were  likewise 
armed  for  static  initiation. 


a)  Composition  A  and  TNT  with  Mk,  58  VT  Fuze 

The  data  for  the  Mk.  58  fuze  are  summarized  in  Table  IX. 

The  fragments  recovered  from  representative  shell  with  each  type 
of  loading  are  shown  in  Plates  16-19. 

he  recoveries  were  generally  satisfactory  except  for  the  fuze 
parts.  The  fuzes  and  auxiliary  detonators  together  contained 
between  90  and  100  grams  of  explosive  and  plastic  parts  but  in  some 
cases  the  recoveries  were  as  much  as  80  grams  short  even  after 
allowing  for  the  non-recoverable  portions.  A  considerable  fraction 
of  this  probably  consisted  of  non-magnetic  metal,  of  which  a  little 
more  than  100  grams  was  present,  that  may  have  passed  through  the 
separator  undetected.  Much  of  this  non-ferrous  material  is 
located  just  above  the  booster  and  is  probably  rather  finely 
disintegrated. 

One  should  note  that  Table  IX  ( and  also  Table  XI  below)  are 
constructed  somewhat  differently  from  Table  II,  Table  IX  gives 
directly  the  numbers  of  fragments  within  the  various  mass  groups  in¬ 
stead  of  the  cumulative  numbers.  This  has  been  done  deliberately 
to  bring  out  the  obvious  distinction  between  a  relatively  small 
number  of  massive  nose  fragments  showing  adapter  threads,  split 
from  the  region  of  the  shell,  containing  no  explosive,  surrounding 
the  inert  fuze  body,  and  the  main  bulk  of  fragments  that  have  been 
subjected  to  direct  explosive  action.  These  nose  fragments  are 
readily  distinguished  in  appearance  from  the  others  (see  Plates  18 
and  19)  and  are  known  in  fact  to  have  much  lower  velocities 
(  0SRD  Report  No.  5266).  "'hen  they  are  included  in  the  total 
count,  the  fragment  mass  distribution  as  a  whole  departs  widely 
from  the  exponential  law.  ,,re  have  attempted  to  fit  the  exponential 
law  to  the  high-velocity  fragments  by  excluding  the  massive  nose 
fragments  (about  30%  of  the  total  casing  maos)  from  the  count. 

The  fragments  excluded  were  generally,  thou  a  not  without  a  few 
exceptions,  the  heaviest  ones  in  the  distri oution.  Table  IX 
gives  the  average  mass  of  all  steel  casing  fragments  with  individual 
masses  equal  to  or  exceeding  1  gram,  excluding  the  nose  fragments, 
Prom  this  average  mass,  a  value  of  Mc  has  been  calculated  according 
to  Equation  (11).  Table  X  pives  thg“average  cumulative  numbers  of 
fragments  and  their  average  deviations  for  each  explosive,  excluding 
the  nose  fragments,  together  with  the  numbers  calculated  according  to 
the  empirical  exponential  formulae: 

-  Mi  )  (TNT) 

1.82 

Mi  )  (Composition  A) 

1.31 


IN  =  424  exp  ( 


—  841  exp  ( 
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where  1,82  £  0.07  is  the  mean  value  of  M0  for  the  five  TNT- 
loaded  shell  and  1*31  £  0.04  is  the  mean-value  for  Composition  A* 
The  agreement  among  the  shell  for  either  explosive  is  quite 
good,  though  ff 5 3  for  TNT  gave  somewhat  fewer  fragments  than  the 
other  similar  shell.  The  average  data  from  Table  X  have  been 
plotted  in  Figures  8  and  9  (small  circles)  together  with  the 
lines  corresponding  to  the  empirical  formulae  given  above.  The 
large  circles  in  Figures  8  and  9  represent  the  total' cumulative 
numbers,  including  the  massive  nose  fragments; 


{snmrt  aT  1m)  .1m  =  Iji  TUJ  Tm>. 

'  _  1 _ '  T  *  _  ,  r.  *,  r>  rr  T  n  C?T  TT  0 


V 


ft 


-p 


n 


x 

3 


•4< 


,P 

-P 


© 

N 

d 

to 

> 

CO 

LO 


M 


CO 

q 

o 

•H 

-P 

*H 

CO 

u 

to 

e 

o 

o 

"d 

q 

d 


•H 

-P 

O 

© 

•O 

O 

q 

to 


■mj 


!'P. 

'•H 


to 

i 

<! 

tf 

o 

•H 

-P 

•H 

W 

O 

o 

o 


SJ 


q 

-p 

C3 

r© 


o 

o 

00 


CO 

fr- 

o 


to 

co 

fr- 

to 


o 


H  t>  ^  tO 
CD  CD  O  ^ 
CM  to  CM  CM 

to  to 


CO  CO  to 
CO  O  O  CD 
CM  LO  CM  CM 
to  ^ 


to  to 

to 

CM 

CM 

o 

rH  CM 

co 

r — ! 

to 

CC 

CO 

CM 

to 

CO 

to 

o 

to 

•HI 

to 

Ttt  lO 
r — 1  CM 
CM 


CO  CO 
r-f  CM 
CM 


CQ 

-P 

r-q 

fcb 

•H 

© 


3 


o 

LO 

fr- 

H 


LO 

to 

o- 

to 


CO 

fr- 


to 

to 

fr* 

to 


o 

fr- 

fr- 

to 


fr-  tO  to 

t>  o-  o 

CM  to  CM 


CO  to 
CO  o 


CM  CD  to 
fr-  O  O 
CM  LTD  CM 
to 


to 
o 

CM  to  CM 


fr-  CD 

fr-  co 


fr-  to 

fr-  CD 


to 

o 

CM  to  CM 


to 


n3 

© 

tJ 

CvJ 

o 


+3  © 
,C  « 
bfl  2 
•H  to 


© 


* 

* 

to 

q 

q 

to 

bO 

*  q 

-P  -P  *H 
to  to  -p 
hO  hD  d 
•H  «H  -P 

©  ©  o 
£  £  ^ 


©  to  q  hC 

to  q  ©  q 

q  *H  to  *H 
g5  w  to  w 

to  c5  o  d 

o  o  o  o 


q 

o 

-p 

q 

© 

-p 

© 

>, 

q 

d 

•H 
r — i 
*H 

X 

2 

d 

to 

to 


rH 

CO 

to 


CD 

fr- 

CO 


-P 

•a 

•rH 

© 


q 

© 

-p 

co 

o 

o 

to 


© 

cm 

2 

to 

co 

LO 


O 

00 


to 

O 

QO 


to  | 

^“N 

O 

fO 

rH 

to 

t> 

o 

LO 

rH 

1 — 1 

to  ‘ 

CO 

to 

CO 

CO 

O 

t> 

i — 1 

CM 

CD 

rH 

e 

c*- 

CM 

to 

CM 

CM 

CM 

to 

CO 

■  i 

d 

to 

to 

to 

q 

co  I 

t© 

to 

to 

CO 

to 

to 

rH 

LO 

rH 

CM 

•SH 

q 

t— 

co 

to 

o 

CO 

rH 

CM 

CO 

O 

•H 

t> 

CM 

to 

CM 

CM 

CM 

•o 

CO 

to 

to 

to 

to 

LO  to 

LO 

to 

to 

rH  CM 

CO 

o 

CM 

CM 

co 

CO 

to 

to 

CO  LO 

CO 

rH 

CO 

rH  CM 

o 

o 

CM 

CM 

to 

CO 

to 

LO 

LO  LO 

to 

CO 

o 

i — l  CM 

c- 

o 

CM 

to 

CD 

LO 

to  lo 

rH 

LO 

CO 

rH  CM 

CO 

O 

CM 

CM 

to 

CO 

to 

to 

O  lO 

O 

O 

CO 

rH  CM 

CO 

o 

CM 

CM 

to 

CO 

to 

© 

to 


LO  O 
rH  LO 
CO  O 


'O  to 
CO  ltd 
CM  Q 
to  to 


•rH  to 

to  to 
CM  O 


to  to 
rH  tO 
CO  O 
to  to 


to  to 
CO  CM 
CM  rH 
to  to 


to  to 
to  fr- 
CM  rH 

to  to 


CO  CM 
CO  CM 
CM  rH 
--JI  to 


to  O 

CO  to 
CM  rH 
to  to 


CM  CO 
to  CO 
to  rH 
to  to 


*  q 

4 

*  to 

H 

* 

3  •• 

CO  rH 

<S  3 

_  -P 

t  ^ 

X  3 

©  to 

Tj 

6  -P 

® 

to  q 

N  >i 

d  © 

3  P 

q  s 

On  O 

bO 

> 

d 

»  O 

rH  q 

m  o 

©  4s 

•P  ® 

© 

P  P 

-P  4s 

3 

CO  0 

O,  r-i 

3 

10  -P 

rH  P 

q  ^ 

3  ® 

♦H  bD 

-p  p 

CO  *H 

®  © 

d  © 

K  C5 

o  ^ 

.•J 

•j) 

IO 

f  r. 

q 

fD 

0 

d 

1  ' 

r  > 

O'5 

c/: 

•  H 
O, 

•P 

c 

02 

-M 

r-< 

r-r 

o 

v,M 

q 

I'J 

CM 

*  *“ 

•H 

w 

CO 

d 

q 

o 

0 

CO 

r — 1 

»H 

1 — ■) 

to 

CM 

o 

rH 

t> 

d 

d 

•H 

•  H 

q 

4^ 

q 

•H 

> 

-P 

Q 

to 

q 

to 

LO 

o 

© 

rH 

Ch 

-p 

•H 

© 

d 

-P 

LO 

to 

•  tD 

O 

to 

CM 

q 

q 

rH 

O- 

•H 

W 

r — 1 

£  »> 

Ch 

d  q 

Ch 

q  o 

•H 

hiD  -p 

1“Ti 

cd 

rH  q 

-P 

q  o 

rH 

to 

q 

q  -p 

O 

LO 

o 

©  © 

CM 

f-H 

>  rCJ 

© 

CO  t>,; 

co 

-p 

q 

©  to 

I)  i 

d  rO 

q 

4s  tO 

q 

q  *H 
©  -P 
Cu  d 
£l>  -P 
O  O 
O  Jh 


9 


q 


J53  ,to  -H 


to 

to 

rH 

rH 

t> 

>5 

q  *h 

o  K 

q 

fl 

q  q 

® 

© 

rH 

fr¬ 

t> 

q 

o 

ee 

•H 

q  o 

CM 

fr- 

bO 

•H 

© 

m 

©  C4 

d 

rP  P 

4s 

to 

LO 

co 

K^S 

CD 

CM 

-P 

g  6 

i — 1 

fr- 

,q 

£  o 

to 

q 

•H 

co  4s 

© 

•P 

£ 

w 

o 

lO 

bD  -P 

o 

to 

bC 

»h  q 

CM 

fr¬ 

q 

o  © 

•H 

&  £ 

CO 

hi) 

q 

iH  q 

o 

©  q 

ee 

©  4s 

-P 

P’S 

-p 

q 

_p 

CO  rH 

© 

l — 1 

C3 

£ 

ta  3 

'© 

© 

rt  6 

d 

•  H  <13 

£ 

q 

TJ 

ra 

o 

4s 

q 

3  (3 

q 

q 

O  © 

4s 

• 

Ch 

■P 

© 

to 


X 

3 

q 

to 

q 

q 

© 

IN) 

2 


p  ©  d 

C~*  H 

tO  rH  © 
H  q  to 
©  >  2 


odd 

to  q  to 

U  *H 

d  6  >5* 
Xi  o  <$ 
o  P;  S 
*  *  * 
*  * 
* 


-  45  - 


to 


-p 


p<! 


CD 


il 

I 


H  W  M 


CO  o  rH 


O 


O  to  o 


W  O  H 


CO  to 


-Jt  Ifi 


rH 

to 

CO 

to 

•- 

• 

• 

T-H 

CT>  W) 

rH 

LO 

rH  O  lO  O 

CD 

t- 

lr- 

CO 

CO 

CO 

i — I 

— H 

i — 1 

CO 

o 

o 

CO 

• 

• 

• 

o 

rH  W) 

CO 

1 — < 

o 

rH  O  O 

CO 

rH  O 

O 

CO 

CO 

CO 

H 

1 — 1 

•rjH 

i — 1 

LO 

LO 

CO 

9 

• 

ID 

O  bD 

■CD 

1 — 1 

i — 1 

rH  O  to  LO 

LO 

rH  CT) 

o 

CD 

CO 

CO 

i — i 

i — ( 

CO 

rH 

rH 

to 

CO 

to 

• 

• 

• 

rH 

o  w> 

o- 

I — 1 

CO 

i — i  o  to  to 

rH  CO 

o 

o 

CO 

CO 

rH 

CO 

CO 

CT) 

o 

rH 

to 

• 

« 

• 

CO 

o  w> 

rH 

•41 

rH  O  to  04 

CT> 

rH  CO 

CD 

CO 

CO 

H 

CO 

1 — t 

to 

CD 

o 

• 

• 

• 

CO 

..  to 

1 — 1 

i — 1 

LO 

i — |  H  CO  LQ 

CO 

o 

r — f 

CO 

lO 

«H 

o 

i — 1 

<4* 

rH 

LO 

o 

o 

cd 

• 

• 

• 

CH 

era  bf) 

co 

rH 

o 

i — I  H  CO  s}l 

rH 

i — i 

fc~ 

CO 

rH 

CO- 

rH 

LQ 

rH 

CO 

t> 

• 

• 

• 

•H 

CO  bO 

o 

rH 

1 — 1 

1 

0 

6 

1 

4* 

LQ 

r — 1 

rH 

CT; 

H 

rH 

rH 

-4< 

CO 

CO 

CD 

♦ 

• 

• 

CO 

!>-  W) 

CO 

i — 1 

o 

H  rH  C“-  CT) 

CO 

rH 

1 — 1 

to 

CD 

rH 

•H 

CO 

rH 

CT; 

• 

• 

• 

tH 

CO  W) 

o 

H 

CO 

rH  O  O  J  CD 

CO 

CO 

rH 

to 

H 

rH 

1 — 1 

rH 

A 


co 

-p 

erf 

o 

E 

5*0  co 

Crf  -P 


• 

co 

CO 

P 

erf 

b C 

Q 

bD 

U)  bO 

bO 

•P 

*p 

P 

0 

erf ; 

•> 

E 

O 

•• 

CD 

LO 

CD 

CT) 

H 

o 

erf 

erf 

E 

p 

bO 

o 

CT) 

erf 

CO 

LQ 

CO 

cd 

CO 

vvH 

CO 

o 

rH 

CT) 

CD 

LO 

CO 

0  CO 

0 

® 

bO 

p 

CD 

erf 

* 

rH 

CT) 

-P 

-P 

CO 

CO 

rH 

H 

rH 

i — 1 

1 — I 

CO 

CD 

lH 

to 

CO 

i — 1 

CT) 

tH 

i — 1 

r?  .p 

£ 

CO 

erf 

rH 

P 

bO 

1 

1  f 

u5 

£ 

1 

1 

1 

1 

I 

1 

» 

» 

1 

1 

1 

l 

t 

1 

i 

1 

■  '  erf 

W3 

o 

p 

TD 

P 

o 

CD 

CT)  rH 

*0 

CD 

IQ 

CD 

CT) 

'■# 

rH 

O 

H 

CT) 

CD 

LO 

CD 

CT) 

•d 

rH 

LO 

.  0 

erf 

erf 

p 

erf 

l 

LQ 

"4* 

♦ 

E 

CO 

CD 

CD 

CO 

o 

CO 

CD 

to 

CO 

rH 

CO 

& 

*  P 

erf 

• 

to 

o 

uh 

CO 

H 

rH 

t — 1 

rH 

1 — 1 

• 

P  bO 

Pi 

0 

rO 

rH 

-P 

P 

erf 

o 

erf 

erf 

CO 

• 

0 

A 

CD 

P 

0  P 

P 

•H 

o 

bO 

o 

nd 

J> 

P 

u 

W  Ch 

o 

cd 

erf 

erf 

9 

CO 

o 

d 

•  H 

0 

• 

cc 

CO 

»  w 

o 

rH  j 

CO 

erf  ® 

CO 

rH 

hO 

-P 

0 

X 

CO 

CO 

co  V? 

CD 

© 

CO 

co 

O 

erf 

erf 

erf 

d 

erf 

erf 

•j  s 

P 

©  i 

E 

0  o 

erf 

X 

•H 

-P 

E 

erf 

E 

E 

E  fl 

-P 

co  erf 

E 

0 

nd 

o 

"d 

CO  ! 

-Crf 

P 

d 

u 

x! 

Trf 

Lrf 

m 

t 

erf  ch 

0 

Vk 

rH 

-p 

S 

-P 

■p 

-P  -P 

rH 

tc 

.H 

O  O 

bO 

E 

O 

u 

•rH 

erf 

•H 

•H 

•H  -rH 

«H 

erf 

O 

erf 

erf 

X 

0 

pr£ 

r-  D 

erf 

•H 

to 

P 

P 

0 

04 

0 

_p 

to 

% 

•  co 

0 

we 

ex 

• 

CO 

• 

* 

*>  * 

(p 

erf 

O 

o  erf 

fc> 

JP 

o 

JD 

p 

O 

o 

jP  jg- 

Pi 

CD 

V~-r 

J2J  P; 

•■Cj 

1 — i 

F'-* 

£ 

F-'\ 

—  4'6 


0 

CO 

s 

O 

p 

£ 

erf 

•rH 

0 

r — f 

> 

•rH 

•rH 

X 

co 

p 

CO 

p 

erf 

a 

■& 

t0 

a 

« 

•H 

'Xi 

ifei 

3 

<-(  X! 

o 

-P 

X 

•rH 

© 

Jp* 

CO 

© 

-p 

CO 

£ 

P 

© 

c± 

Ch 

foco 

a5 

lO 

P 

<Vh 

• 

to 

£ 

•H 

•» 

CO 

© 

erf 

i — i 

o 

•H 

-P 

r-H 

a 

© 

© 

© 

•o 

-P 

o 

CO 

a 

Ch 

o 

* 

CO 

• 

u 

•«i 

© 

,n  tr 
£  to 
3 

a  rH 

I 

0  rH 

>  to 

•H 


664±22  574 


b)  Composition  A  and  TNT  ”rith  Mk.  45  VT  Fuze 

The  data  for  the  Mk.  45  fuze  are  summarized  in  Table  XI.  The 
fragments  recovered  from  representative  shell  with  each  type 
of  loading  are  shown  in  Plates  20  -  23. 

Shell  § 64  (TNT)  gave  a  fragment  mass  distribution  much  coarser 
than  those  of  the  other  TNT-loaded  shell.  This  is  the  kind  *,f 
behavior  we  might  expect  if  the  physical  properties  of  this  particr 
lar  casing  were  below  normal.  ’\re  have  excluded  #64  from  the  averaf 
The  other  shell  gave  generally  consistent  results. 

As  in  the  case  of  the  Mk.  58  fuze,  a  small  number  of  massive  nose 
fragments  were  produced  from  the  part  of  the  shell  containing 
no  explosive.  As  expected,  the  combined  mass  and  average  mass 
of  these  fragments  was  greater  than  in  the  case  of  the  Mk.  58 
fuze,  reflecting  the  greater  length  of  the  Mk.  45  fuze.  We  have 
attempted  to  fit  exponential  laws  to  the  high-velocity  fragments 
remaining  after  the  massive  nose  fragments  (about  37 &  of  the  total 
casing  mass)  were  excluded.  Then  the  nose  fragments  were 
excluded,  the  next  most  massive  fragment  in  the  case  of  TNT  was 
generally  from  the  base,  which  in  three  of  the  five  shots  came 
off  in  one  piece.  The  base  fragments  were , however^  retained  in  the 
count  in  order  to  keep  the  treatment  for  TNT  and  for  Composition  A 
alike.  Table  XII  gives  the  average  cumulative  numbers  of  f ragmen 
and  their  average  deviations  for  each  explosive,  excluding  the 
nose  fragments,  together  with  numbers  calculated  according  to 
the  empirical  exponential  formulae: 


Ni  =  405  exp  (- 

Mi  ) 

T773 

(TNT) 

z  690  exp  ( - 

Mi  ) 

IT36 

(Composition  4 

where  1.78  £  0.04  and  1.36  £  0.05  are  the  respective  values  of 
M0  for  TNT  and  for  Composition  A.  The  data  from  Table  XII 

(small  circles)  together  with  the  lines  corresponding  to  the 
empirical  exponential  equations  are  shown  graphically  in 
Figures  10  and  11,  The  large  circles  represent  the  total 
cumulative  numbers,  including  the  nose  fragments. 
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Average  cumulative  numbers  of  steel  casing  fragments  excluding  massive  nose  fragments 
-Mk.  31-1  3"  A. A.  projectile,  Mk.  45  fuze  with  Mk«  44  auxiliary  detonator _ 
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c )  General  summary  for  Composition  A  and  TNT. 

Table  XIII  presents  a  general  summary  for  the  TNT-loaded  and 
the  Composition  A-loaded  3:'  A.. A.  projectiles,  Mk.  27-3  and 
Mk.  31-1.  One  should  note  that  only  two  Composition  A-loaded 
Mk.  27-3  projectiles  were  fired.  A  further  qualification  is 
phat  of  the  shell  listed  in  the  table,  only  the  Mk.  27-3  TNT- 
loaded  shell  initiated  with  Mk.  51  MT  fuzes  were  checked 
individually  for  physical  properties  (i.e.,  hardness), 
while  the  Mk.  27-3  Composition  A.  loaded  shell  were  actually  from 
a  different  lot. 

One  cannot  readily  compare  the  distributions  of  the  Mk,  27-3 
with  those  of  the  Mk.  31-1  projectiles.  As  has  been  noted, 
the  slow  nose  fragments  produced  by  the  latter  projectiles 
(because  of  the  inert  VT  fuze  bodies)  were  readily  distinguished 
from  the  other  high-velocity  casing  fragments  and  could  be 
treated  separately.  In  the  case  of  the  Mk,  27-3  projectile, 
the  removable  fuze  adapter  was  treated  separately,  but  it  was 
impossible  to  distinguish  in  any  clear-cut  manner  between 
low-velocity  nose  fragments  and  those  fragments  beginning  at  the 
nose  but  extending  far  enough  down  the  side-wall  to  partake  of 
true  side-wall  properties,  though  it  was  undoubtedly  true 
that  fragmentation  was  generally  coarser  towards  the  nose  than 
towards  the  base.  Thus  the  values  of  M0  given  in  Table  XIII 
do  not  reflect  accurately  the  relative- coarseness ' of  the  casing 
distributions  for  Mk.  27-3  as  compared  with  Mk.  31-1,  since  in 
the  latter  case,  nose  fragments  were  excluded,  while  in  the 
former  case,  fragments  from  the  corresponding  part  of  the  casing, 
which  were  finer,  were  included. 

In  comparing  Composition  A  with  TNT,  one  observes  that  the  cumu¬ 
lative  numbers  of  fragments  down  to  9  grams  are  about  the  same 
for  the  two  explosives,  Composition  A  showing  a  slight  advantage. 
Down  to  1  gram,  however,  the  numbers  for  Compostion  A  are  4 8%, 

59 %  and  42%  greater  than  for  TNT  in  the  shell  Mk.  27-3  ith  Mk. 

51  MT  fuze,  Mk,  31-1  with  Mk,  58  VT  fuze  and  Mk,  31-1  with  Mk. 

45  VT  fuze,  respectively.  The  average  masses  of  the  fragments 
having  individual  masses  equal  to  or  exceeding  1  gram  is  52%, 

60%  and  47%  greater  for  TNT  than  for  C  imposition  A  in  the  three 
respective  shell,  massive  nose  fragments  in  the  case  of  Mk,  31-1 
being  excluded. 

The  average  side-wall  fragment  velocities  at  9'  from  the  shell, 
as  determined  by  R.W.  Drake  at  this  laboratory- ( OSRD  Reports  Nos; 
5266,  5267  and  5531)  are  as  follows: 


TNT 


Composition  A 


Mk.  27-3,  Mk.  51  fuze  2060  ft/sec,  2530  ft/sec. 

Mk.  27-3  (NX-2),  Mk.  58  fuze*  I960  2360 

Mk.  27-3  (EX-2),  Mk.  45  fuze*  1710  2220 

The  velocities  are  t..us  between  20%  and  30%  greater  for 
Composition  A  than  for  TNT.  According  to  Mot  ’ s  theoretical 
treatment  (Equation  5),  we  should  expect  M  to  be  greater  for 
TNT  by  about  15%,.  It  is  actually  greater  by  30-40%.  These  shell 
with  their  relatively  large  fuze  cavities,  are  of  course  not 
at  all  ideal  in  shape. 


*  For  the  Mk.  31-1  shell,  the  velocities  are  presumably  about 
3 c/o  greater,  due  to  the  slightly  smaller  casing  thickness. 

H.  N.  Shapiro,  in  a  recent  report  from  The  New  Mexico 
experimental  range,  has  given  an  average  velocity  for 
Composition  A  in  the  Mk.  31-1  projectile  with  Mk.  58  VT  fuze  of 
2780  ft/sec.,  averaged  over  the  first  thirty  feet  of  flight. 

This  value  is  for  statically  initiated  shell  and  is  appreciably 
higher  than  the  value  reported  by  Drake  for  the  EX-2  shell. 
Several  factors  combined  appear  to  account  for  the  discrepancy. 
Upon  examining  Drake’s  fragments,  it  turns  out  that  an 
unfortunately  large  proportion  of  all  those  passing  by  the 
illuminated  slits  and  recorded  by  the  rotating  drum  camera, 
happened  to  come  from  the  region  of  the  shell  under  the  rotating 
band,  where  of  course  the  overall  casing  thickness  is  greater 
than  elsewhere.  This  fact,  combined  with  the  generally 
slightly  heavier  casing  thickness  of  the  EX-2  shell,  resulted  in 
slower  original  velocities  for  Drake’s  fragments.  In  addition, 
fragment  retardation  at  the  New  Mexico  range  is  significantly 
smaller  because  of  the  higher  altitude. 
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Cni- square  tss t  _f_or__goodn-3  3s-of -fit  of  the  exponential  lav/. 

Wo  are  indebted  to  Dr. 'Henry  Schoffe  of  Division  2,  iJDi'tC 
for  suedes  ting  this  tost  and  for  much  helpful  information 
generally  concerning  the  statistical  treatment  of  shell 
fragment  distribution  data. 

We  wish  to  test  the  hypothesis  that  th  observed  set  of 
numoora  K;i  j  of  fragments  within  the  various  mass  groups 
Hi  \  nr-' ^  <11  j  constitute  a  random  sample  from  some  exponen¬ 
tial  distribution  with  probaoility  density  function: 

f  =  (i/h0)  )  if  m^Mi 

i.'O  x 

=  0  if  M  <  Up 

whore  I!  =  m1-/2  .  Wo  are  excluding  from  consideration 
fragments  with  individual  masses  below  some  lower  limit 
mi,  taken  in  the  present  application  (to  3U  shell)  as 
1  (gram) . 

Having  determined  an  estimated  value  of  Mo  (say  M0*)  by 

Equation  (11)  and  derived  therefrom  by  Equation  (11' )  a 
value  of  AM0  =  (AMo)*  making  use  of  the  total  number  Ni 
of  fragments  with  individual  masses  equal  to  or  greater 
than  the  limit  mi  (=1  gra.i),  wo  divide  the  data  for  con¬ 
venience  into  eight  classes:  the  seven  classes  i'< M  <  i+1 
for  i  =  1,  2,... ,7  and  the  clv.cs  Ill  8.  The  estimated  value 
Ho""  is  not  necessarily  equal  to  the  utruou  value  of  H0  for 
the  supposed  distribution  of  which  we  may  havo  a  sample, 
but  it  will  serve  for  purposes  of  calculation. 

lor  each,  class,  a  theoretical  number  Nij1  is  calculated  from 
the  formula: 

Npj*  =  (AM0  )*  /exp(-i/H0v:-)-cxp(-  )J 

-  1 , 2 , . . . , 7  and 

%'  =  (AH0  )t-  exp  (  -8/H0v- ) 


for  i 


t 


For  each  class  wo  now  form  the  '’contribution  to  Chi-square 


A. 


X 


(A 


-  N 


PLA  ~  ^ij  iNlJ 
and  finally  ’’Chi-square'1 : 


.  .  t  \2 


Ni  j ' 


8. 

'v*“ 

k_. 

i=l 


A  .  x 
i 


2 


If  the 


!  resulting  rx?  value  exceeds  12.6,  wo  rojoct  the  hypo¬ 
thesis  that  the  Kj_j  are  a  random  sample  from  some  exponential 
population  (not  necessarily  the  one  with  Il0  =  M0* ) ,  otherwise 

wy  accept  it.  The  value  12. S  is  the  5 %  significance  level 
value  of  with  6  degrees  of  freedom  (eight  classes  less 
two  degrees  of  freedom  lost  in  fixing  the  parameters  Ho* 
and  (Alio)*)#  the  1%  value  is  16._8« 

It  may  happen  for  some  shell  that  the  class  My  8  or  oven 
the  class  7-'<-  M  <  8  may  bo  empty  or  contain  but  a  very  few 
fragments.  One  raay  apply  a  similar  procedure  using  fewer 
classes,  e  .g, ,  making  a  sin  A-  class  of  11  f7  or  even  of  II A  6 . 
Thu  5h  and  the  1%  significance  level  values  of  \x2  are 
respectively  11,1  and  15.1  for  5  degrees  of  freedom  (7 
classes)  and  9.5  and  13.3  respectively  for  4  dogrees  of 
freedom  (6  classes). 

The  following  table  illustrates  the  application  of  the 
Chi-squc.ro  tost  to  Shell  0b  (I  k.  27-3  3”  A. A.  projectile 
loaded  with  cast  TNT;  see  Table  II): 


=  284 


i 

oxp(  -  i/M0*) 

Ulu0)*exp(  -i/MQ*)  %jt 

A  ix2 

1 

0.610 

284.0 

11  j .  4 

108 

0.05 

2 

0.373 

173.6 

69.8 

68 

0.05 

3 

0,223 

103.8 

39.1 

53 

4.93 

4 

0.139 

64.7 

25.1 

20 

1.04 

5 

0.085 

39.6 

15.4 

10 

1.89 

6 

0.052 

24.2 

9.3 

6 

1.17 

7 

0.032 

14.9 

6.1 

6 

0.00 

8 

0.019 

8.8 

8.8 

13 

2.00 

X2 

x  11.13 

iii 


Append!;;  II 


Application  of  the  method  of  Maximum.  likelihood  to  the 
"’"eVtiin; .tion  of  the  parameter  ll0  in  the  Mott 
^ i's tp jb uTion  lawiT 


This  method  is  a  modification  of  one 
by  Dr.  L.  H.  Thomas  of  the  .Ballistic 
ajj  denote  the  probability  according 
button  law  that  a  fragment  will  have 
Mi  /<  m^/2<.  Mj  ,  Then  the  prooability 
given  distribution,  specified  by  the 
various  classes  My  to  M2*  M2  to  M3, 


l 


suggested  to  us  infernally 
Research  Laboratory.  Lot 
to  the  as s union  di s  tr  1  - 
a  mass  m  in  the  range 
P  of  obtaining  any 
numbers  Nj_j  in  the 
.  .  ,  Ml  to  Mj,  otc. 


or : 


In  P  =  log  Nl  +h..(:>Tij  In  ajj  -  In  Njjl) 


summed  over  all  classes,  N  being  the  total  number.  This 
statement  involves  the  assumption  that  the  probability 
of  finding  a  given  fragment  in  a  particular  class  is 
independent  of  the  distribution  of  tho  other  fragments. 
While  this  situation  is  not  physically  true,  wo  may  assume 
that  it  is  practically  so  duo  to  the  complex  nature  of  tho 
break-up  process. 


We  assume  that  all  fragments  down  to  some  least  individual 
fragment  mass  mp ,  numbering  hi,  are  distributed  according 
to  the  Mott  equation  and  ignore  all  smaller  fragments.  Of 
tho  number  counted,  the  fraction: 

Njj1  =  exp  ( -Mj/.'Jo )  -  exp  (  -M  j  /M0  ) 

Hq  exp  (  -iii/f.io  ) 


therefore  represents  the  ideal  fraction  in  the  range 
Mi  <  m1/2  <  Mj . 


This  fraction  is  taken  as  representing  the  probability  ; 

Let  us  now  vary  the  parameter  I:D  so  as  to  make  the  prob- 
aoility  of  the  observed  distribution  a  maximum: 


d  In  P 

dM0 


=  T  -II  =  0 

ai  j  0 


Carrying  out  the  diff orentiation  with 

jxpt-Hi/llo)  -  uxp(-Mj/M0) 

=  Tx'pT-ai7roy'“ 


wo  obtain: 


IljL  oxp(-Mq/M0)  -  M  ,  exp  ( -M j /M0  ) 

i'h. - - — - - - — ~ - - —  /„  ih  .  Mi  =  o 

oxp  (  -l'li/ilr  )  -  exp  (-llj/n0) 


•>;  .  ,  M  i  ■  Mi  , 

'  r  j ,  .  %  “V~~  }  "  11  j 

x>_.  A,ij _ ilo _ _ 

,  M  -j  -  Lli  . 

<-V— >  - 1 


Mi  Nq 


This  equrtion  is  quite  general  vdth  respect  to  the  choice 
of  class  limits  Mq  and  Mj  and  could  bo  solvod  by  successive 
approxima tions  to  find  the  value  of  M0  that  gives  the 
observed  distribution  maximum  likelihood  as  compared  with 
all  ottur  possible  values  of  H0.  The  equation  is  greatly 
simplified  however  by  suitable  choice  of  these  limits. 

Thus,  adopting  the  conventions:  Mq  =  1  and  Mj  =  Mq  +  1 
(i#o»,  the  classes  1-4  grams,  4-9  grams,  9-16  grams, 
etc.).  We  obtain: 


ixp  (i 


Li  %J 


>  i-Tii  "  Nl 


0.4343 

Mo. 


iog10 

r  i  Kij 


V 


4. 


where  the  sum  /_  iNpi  extends  over  i  =  1,2,3,  ...  to  the 
highest  value  of  i  (1*0*,  of  Mi)  required  to  include  tho 
heaviest  fragments. 

The  following  table  shows  the  application  of  this  method  of 
estimating  Mo  to  the  data  for  Shell  #75  in  Table  II 
(Ilk. 27-3  3!I  A. A.  projectile  loaded  with  cast  TNT): 


Shell  #75 


m 

i 

*1J 

lNi  j 

1-4  grams 

1 

108 

108 

4-9 

2 

68 

136 

9-16 

3 

53 

159 

16  -  25 

A 

20 

80 

25  -  36 

o 

10 

50 

36  -  49 

6 

6 

36 

49  -  64 

7 

6 

42 
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Like  thu  method  of  averaging  described  in  tho  text  of  this 
report  (Equation  11),  this  method  will  give  a  formal  value 
of  Mo  whether  or  not  tho  distribution  actually  is  consistent 
with  the  exponential  law.  If  the  observed  distribution  does 
not  satisfy  the  law  (using  as  criterion  the  Chi-square  test 
described  in  Appendix  I,  in  which  tho  M0*  value  estimated 
by  the  method  of  maximum  likelihood  ms~  be  introduced  to 
calculate  the  Ngj' ),  the  method  of  maximum  likelihood  is 
not  legitimate  and  the  formal  value  of  M0  is  meaningless. 


Plate  3 


Shot  No. 75  -  Oc.  27-3  3:?  A. A.  Projectile  with  Mk.  51 
“■  "  MT  Fuzg  and  Mk.  54  Auxiliary  Detonator, 

Cast  TNT.  Steel  casing  fragments  arranged 
according  to  mass. 


Plate  4 
Shot  No. 


/ 

75, •-  Fragments  of  Plate  3  arranged  approximately 
according  to  regions  of  shell  from  which 
they  came.  No  attempt  made  to  order 
fragments  laving  masses  less  than  1  gram* 


Plate  5 


Shot  No.  21  -  Mk.  27-3  3”  A. A.  Projectile  with  Mk.  51-2 
MT  Fuze  and  ilk,  46  Auxiliary  Detonator , 
Cast  TNT. 


Plate  6 


Shot  No.  23  -  Mk.  27-3  3”  A. A.  Projectile  with  ilk,  51-2 
MT  Fuze  and  Mk.  46  Auxiliary  Dotonator, 
Pressed  Composition  A-3. 
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Plate  8 

•Shot.  No,  7 3  -  Fragments  of  Plate  6  (Composition  A- 
rearrangod  to  show  origins. 


Plate  9 

Shot  No.  58  -  lak.  27-3  3"  A. A.  Projectile  with  Mk.  51 
MT  Fuze  ana  ilk.  54  Auxiliary  Detonator, 

Pressed  50-50  Potassium  Nitrate/  Composition  A., 
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Plate  10 

Shot  Mo.  38  -  Fragments  of  Plato  9  (50-50  Potassium 

Nitrate/  Composition  A)  rearranged  to  show 
origins . 


-  Mk.  27-3  3”  A. A.  Projectile  with  Mk. 
Fuze  and  Mk.  54  Auxiliary  Detonator, 
Pressed  73-13-9  RDX/Aluminum/Wax. 


Plate  12 
Shot  No*  61 


Fragments  of  Plate  11  (Aluminized 
Composition  A.)  rearranged  to  show 


origins. 


Plato  13 

Shot  No.  30  -  Mik.  27-3  3”  A. A.  Projectile  with  25  gram 

Tetryl  Booster  and  Brass  End-plug,  cast  TNT. 


Plate  1Z, 


Shot  No.  1+0  -  Mk.  27-3  3"  A. A.  Projectile  with  23  gram 
Tctryl  Booster  and.  Brass  End-plug,  Cast 
TNT-D2 . 


Plate  15 

Shot  No.  41  -  Mk.  27-3  3'’  A. A.  Projectile  with  25  gram 
Tctryl  Booster  and  Brass  End-plug,  Cast 
Picratol, 


Plata  16 

Shot  No.  54  -  Mk.  31-1  3"  A. A.  Projectile  with  Mk.  58  VT 

Fuze  and  Mk.  44  Auxiliary  Detonator,  Cast  TNT, 
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Plate  17 

Shot  No.  51  -  Mk.  31-1  3"  A, A.  Projectile  with  Mk;  58  VT. 
Fuze  and  Mk,  44  Auxiliary  Detonator, 

Pressed  Composition  A-3* 


Plato  18 

Shot  No.  54  -  Fragments  of  Plate  16  (TNT  rearranged  to 
show  origins. 
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Plato  19 

Shot  No.  51  -  Fragments  of  Plate  1?  (Composition  A-3) 
~ . .  rearranged  to  show  origins. 


Plato  20 


Shot  No.  69  -  Mk.  31-1  3”  A. A.  Projoctilo  with  Lk.  45 
VT  Fuzv  and  Mk.  44  Auxiliary  Detonator, 
Cast  TNT. 


Plato  21 

Shot  No.  68  -  Mk.  31-1  3”  A. A.  Projectile  with.  Mk.  15 
VT  Fuze  and  Mk.  44  Auxiliary  Detonator, 
Pressed  Composition  A-3. 


Fragments  of  Plate  20  (TNT)  rearranged  to 
show  origins. 


Plate  23 

Shot  No.  68  -  Fragments  of  Plate  21  (Composition  A-3) 
rearranged  to  show  origins. 
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